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Abbreviations 
Units of the International System of Units (SI) are not listed separately. The single letter 
or three-letter code is used for designation of amino acids. The single-letter code is used 
for designation of nucleic acids. 
 
AMGs    auxiliary metabolic genes 
APC   allophycocyanin  
APS   ammonium persulfate 
AU   absorbance units 
BCIP   5-Bromo-4-chloro-3-indolyl phosphate 
Bph   bacterial phytochrome 
BR   bilirubin 
BV   biliverdin 
CBCR    cyanobacteriochrome  
Chl   chlorophyll  
Cph   cyanobacterial phytochrome 
CV   column volume 
DHBV   dihydrobiliverdin  
DMF   dimethylformamide 
EPR   electron paramagnetic resonance  
Fd    ferredoxin 
FDBR    ferredoxin-dependent bilin reductases  
Fph    fungal phytochrome 
FPLC   fast protein liquid chromatography 
GAF  cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA 
GOS   Global Ocean Sampling Expedition  
HK   histidine kinase 
HO   heme oxygenase 
HPLC   high performance liquid chromatography 
LB   Lysogeny Broth 
MW   molecular weight 
MWCO  molecular weight cut off 
NBT   nitro blue tetrazolium chloride 
NRS   NADPH regenerating system 
OD578nm  optical density at 578 nm 
PB   phytochromobilin 
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TES   N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid 
TFA   trifluoroacetic acid 
TMAO   trimethylamine N-oxide 
UV/Vis   Ultra violet/Visible 
v/v   volume per volume 
w/v   weight per volume 
WT   wild type 
 
 
1   Introduction 
1 
1 Introduction 
1.1 The importance of tetrapyrroles in nature 
The class of tetrapyrroles comprises various molecules that are involved in many important 
biological processes. For example, the light-harvesting chlorophylls of the photosystems 
employed by plants, cyanobacteria and algae are cyclic tetrapyrroles. Another prominent 
member belonging to the family of cyclic tetrapyrroles is heme. Heme functions as cofactor 
in proteins involved in the transport of diatomic gases, in proteins used for the transfer of 
electrons and is furthermore engaged in proteins linked to enzymatic catalysis. However, 
the cyclic state is not the only conformation in which tetrapyrroles occur. For instance, plants 
have developed a multistep pathway to breakdown chlorophyll during leaf senescence and 
fruit ripening, yielding fluorescent and non-fluorescent open-chain tetrapyrroles (Matile et 
al., 1996; Hörtensteiner and Kräutler, 2011). This is most likely to avoid potential phototoxic 
effects, which include the formation of singlet oxygen (Foyer et al., 1994; Hörtensteiner and 
Kräutler, 2011). Another important process that generates linear tetrapyrroles is the 
breakdown of heme. The heme synthesis needs to be tightly regulated due to its cytotoxicity 
in free form (Kumar and Bandyopadhyay, 2005). The toxic effects are caused by the 
formation of reactive oxygen species (ROS) upon the reaction of heme with oxygen (Larsen 
et al., 2012). ROS are known to damage lipids as well as proteins (Tappel, 1955; Aft and 
Mueller, 1984). Vertebrates employ enzymes like heme oxygenases (HOs) for the 
catabolism of heme. HOs catalyze the ring-opening reaction of heme to the open-chain 
tetrapyrrole biliverdin IX (BV IX). This compound is further reduced to bilirubin by 
biliverdin reductase and is then excreted in bile and urine (Kutty and Maines, 1981). The 
identification of the pigments found in the bile as linear tetrapyrroles led to the designation 
of these molecules as “bilins”. HO-dependent heme degradation is not only found in 
vertebrates. Moreover, different bacteria have developed a strategy of iron acquisition 
based on HO-activity (Ratliff et al., 2001). Linear, open-chain tetrapyrroles are not only 
byproducts of catabolic pathways, they additionally play many important roles in nature. For 
instance, bilins act as the light-harvesting pigments of phycobiliproteins (PBPs) found in 
cyanobacteria, red algae, glaucophytes and cryptophytes. Furthermore, they serve as the 
light-sensing chromophores of the phytochrome-type photoreceptors in plants, algae, 
bacteria and fungi (Grombein et al., 1975; Lagarias and Rapoport, 1980; Sharrock, 2008). 
1.2 The biosynthesis of bilins 
All open-chain tetrapyrroles involved in light-harvesting or light-sensing are derived from the 
cyclic precursor heme. Therefore, the first step in bilin biosynthesis is the ring-opening 
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reaction of the heme porphyrin macrocycle to the open-chain tetrapyrrole BV IX mediated 
by heme oxygenases (Cornejo and Beale, 1988; Rhie and Beale, 1992). BV IX is then 
subsequently reduced to the specific light-harvesting or light-sensing pigments by 
ferredoxin-dependent bilin reductases (FDBRs). These enzymes catalyze site-specific 
reductions employing reduced ferredoxin as the electron donor (Beale and Cornejo, 1991b). 
FDBRs are versatile enzymes that catalyze the formation of a wide range of colorful 
pigments including phycocyanobilin (PCB), phycoerythrobilin (PEB), phytochromobilin 
(PB), and phycourobilin (PUB). 
1.2.1 The enzyme class of heme oxygenases 
HOs are enzymes that catalyze a regiospecific cleavage of the heme macrocycle, yielding 
the open-chain tetrapyrrole biliverdin. The first member of the HO family was discovered in 
eukaryotes in the late 1960s (Tenhunen et al., 1968, 1969). HOs play not only important 
roles in the biosynthesis of bilins, but are also key enzymes involved in iron metabolism, 
heme catabolism and oxidative stress response (Maines, 1988; Keyse and Tyrrell, 1989; 
Schmitt, 1997; Ratliff et al., 2001; Frankenberg-Dinkel, 2004). 
In organisms that use bilins as light-harvesting or light-sensing pigments, the main function 
of HOs is the synthesis of BV IXthe substrate of almost all FDBRs. These HOs target the 
-meso carbon bridge of the heme macrocycle as the site for the ring opening reaction. In 
contrast, some HOs from Pseudomonas aeruginosa and other Pseudomonads were shown 
to yield BV IX and BV IX by targeting the respective meso carbon bridges of the heme 
molecule (Ratliff et al., 2001; Gisk et al., 2012). The HO mediated ring-opening reaction of 
heme requires three molecules of O2 and seven electrons. It produces BV, free iron and CO 
(Figure 1). 
 
 
Figure 1. The heme oxygenase reaction. HO-mediated cleavage of the heme macrocycle (brown) at the -
meso carbon bridge to yield biliverdin IXgreen). The reaction consumes three molecules of oxygen and seven 
electrons. The products are BV, Fe2+ and CO. The meso carbons are labeled consecutively from  to . 
P = Propionate side chains. 
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The electron donors vary depending on the origin of the HO. In mammals, the electrons are 
provided by NADPH-cytochrome P450 reductase, whereas bacterial, algal and plant-
derived HOs seem to prefer [2Fe-2S]-ferredoxins as the electron donor (Schacter et al., 
1972; Rhie and Beale, 1992; Wilks and Schmitt, 1998; Muramoto et al., 1999). Moreover, 
ascorbate has also been described as a suitable electron donor for the HO reaction (Zhu et 
al., 2000). 
Even though the sequence identity between the HOs from different species is rather low, 
several solved crystal structures revealed that the overall fold is highly conserved among 
the family of HOs (Figure 2; Rivera and Zeng, 2005). All HOs harbor a single domain 
consisting mostly of conserved -helices (Wilks, 2002; Soldano et al., 2017). The substrate 
is sandwiched between the distal and proximal helices, with the propionate groups 
coordinated by surface exposed lysine residues (Wilks and Heinzl, 2014). Heme is axially 
coordinated with a proximal His residue and a distal water molecule. This distal ligand 
changes several times during the reaction cycle (Rodriguez et al., 2007). 
 
Figure 2. Comparison of the crystal structures of an eukaryotic and a bacterial heme oxygenase. A. HO1 
of Rattus norvegicus (green; protein data bank (PDB) 1DVE; Sugishima et al., 2000) with bound heme shown 
as brown sticks. B. HO1 from Synechococcus sp. PCC 6803 (salmon; PDB 1WE1; Sugishima et al., 2004) in 
complex with heme (brown sticks). 
The mechanism of the HOs is well characterized based on data of crystal structures, UV-
Vis spectroscopy, electron paramagnetic resonance (EPR) measurements and Resonance 
Raman spectroscopy (Figure 3; Yoshida et al., 1980; Sun et al., 1993; Davydov et al., 1999; 
Sugishima et al., 2000; Sugishima et al., 2004). The reaction starts with the reduction of the 
ferric FeIII-heme-HO complex to the ferrous state. After that FeII forms a complex with O2 
(FeII-O2) which is reduced to an activated, reactive FeIII-peroxo species. Thus, heme acts 
both as the substrate and the cofactor in its own degradation (Wilks and Heinzl, 2014). The 
next step is the conversion of the activated intermediate to -meso-hydroxy-heme. The 
subsequent binding of a second molecule of O2 followed by the release of CO leads to the 
formation of FeIII- verdoheme. Finally, FeIII-verdoheme is converted to biliverdin. This is the 
least well understood part of the reaction mechanism and involves five electrons and one 
oxygen molecule. In many HOs, the final product is (FeIII)-BV, whereas in some HOs the 
ferric iron is further reduced to allow the release of BV (Chu et al., 1999; Wilks, 2002). 
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Figure 3. Simplified scheme of the heme oxygenase reaction. Most HOs catalyze the regiospecific ring-
opening of the heme macrocycle at the -meso carbon bridge, employing seven electrons and three molecules 
of oxygen. The reaction proceeds via the intermediates -meso-hydroxy-heme and verdoheme to yield the 
open-chain tetrapyrrole biliverdin IX. 
BV can either be used as the light-sensing chromophore of phytochromes found in 
heterotrophic bacteria (BphPs) and fungi (Fphs) or it serves as the precursor for several 
other pigments involved in light-harvesting or light-sensing.  
1.2.2 The enzyme class of ferredoxin-dependent bilin reductases 
BV IX, the product of the HO reaction, serves as the substrate for a class of enzymes 
called ferredoxin-dependent bilin reductases. These enzymes catalyze the site specific 
reduction to the light-harvesting or light-sensing pigments employed by several 
phytochromes and PBPs. The first FDBR-related activity was described by Beale and 
Cornejo in 1984, when they reported the transformation of BV to PCB by cell-free extracts 
of the red alga Cyanidium caldarium (Beale and Cornejo, 1984a). These extracts also 
showed HO-activity, a circumstance that led to the association of HO and FDBR activity in 
the formation of phycobilins (Beale and Cornejo, 1984b). It took seven more years until the 
small iron-sulfur protein ferredoxin was identified as the electron donor employed in the 
reduction (Beale and Cornejo, 1991b). In the early 2000s, the FDBR phytochromobilin 
synthase was purified from Avena sativa L. cv Garry (McDowell and Lagarias, 2001). It was 
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shown to catalyze the reduction of BV to PB, the chromophore of plant-type 
phytochromes. Moreover, the gene product of HY2 (phytochromobilin:ferredoxin 
oxidoreductase; EC: 1.3.7.4) from Arabidopsis thaliana was characterized as an enzyme 
catalyzing the same reaction (Kohchi et al., 2001). The identification of this enzyme as a 
FDBR opened the door for a functional genomic approach that led to the identification of 
several other members of the FDBR-family in cyanobacteria, oxyphotobacteria and plants 
(Frankenberg et al., 2001). To date, the FDBR-family comprises six members. All FDBRs, 
except phycoerythrobilin:ferredoxin oxidoreductase (PebB; EC: 1.3.7.3), employ BV as their 
substrate and catalyze site specific double-bond reductions. FDBRs can be classified into 
two different groups, depending on the number of electrons they transfer during the 
reaction. The reductases 15,16-dihydrobiliverdin:ferredoxin oxidoreductase (PebA; EC: 
1.3.7.2), PebB and HY2 from higher plants catalyze two-electron reductions. In contrast, 
phycocyanobilin:ferredoxin oxidoreductase (PcyA; EC: 1.3.7.5), phycoerythrobilin synthase 
(PebS; EC: 1.3.7.6) and phycourobilin synthase (PUBS; EC: not designated yet) are 
capable to catalyze two subsequent two-electron reductions. In this process, the reductases 
first transfer two electrons onto the substrate BV, yielding a dihydrobiliverdin (DHBV) 
intermediate. In a following second two-electron reduction, the intermediate is reduced to a 
tetrahydrobiliverdin product (Figure 4). 
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Figure 4. Overview of the reactions catalyzed by the FDBR-family. Biliverdin IX is the substrate for all 
FDBRs except for PebB. It is shown in green color with the pyrrole rings lettered from A to D. “P” symbolizes 
propionate side chains. 3E/Z = the respective 3(E)- and 3(Z)-isomers. The molecules in brackets represent 
dihydrobiliverdin intermediates that are not released from the active site during the reaction. The coloration 
represents the approximate color of the different compounds. The reductase HY2 from higher plants catalyzes 
the two-electron reduction of BV to PB. The blue pigment PCB is formed via a PcyA-mediated four-electron 
reduction of BV. The reductase PebA catalyzes the reduction of BV to 15,16-DHBV, which acts as the substrate 
for PebB. In a second two-electron reduction, PebB reduces 15,16-DHBV to the pink pigment PEB. The second 
way to yield PEB is the four-electron reduction of BV catalyzed by the reductase PebS. The enzyme PUBS 
catalyzes the four-electron reduction of BV to the yellow pigment PUB. 
PB is the chromophore of the phytochrome-type photoreceptors employed by higher 
plants (Terry et al., 1993; Terry, 1997). The biosynthesis of PB is mediated by the FDBR 
HY2. The first HY2-related effects were described in A. thaliana, where the deletion of the 
gene LONG HYPOCOTYL 2 led to nonfunctional phytochromes and therefore, impaired 
photomorphogenesis (Koornneef et al., 1980; Chory et al., 1989; Parks and Quail, 1991) 
The recombinant production of the protein in E. coli resulted in the identification of HY2 as 
a ferredoxin-dependent bilin reductase involved in the formation of PB out of BV (Kohchi 
et al., 2001). Studies with native protein purified from Avena sativa  confirmed this result 
(McDowell and Lagarias, 2001). HY2 catalyzes the two-electron reduction of BV at the A-
ring 2,3,31,32-diene system to yield PB via a radical mechanism (Figure 5; Kohchi et al., 
2001; Tu et al., 2008). 
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Figure 5. Biosynthesis of phytochromobilin. The FDBR HY2 catalyzes the two-electron reduction at the A-
ring 2,3,31,32-diene system of biliverdin IX  (green; pyrrole rings lettered from A to D) to yield phytochromobilin 
(light blue). The site of the reduction is highlighted light-grey P = Propionate side chains. 3E/Z-
phytochromobilin = 3(E)- and 3(Z)-phytochromobilin isomers. 
This reduction generates the ethylidene group, which is necessary for the linkage of the 
chromophore to the apophytochrome (Lagarias and Rapoport, 1980).  
The biosynthesis of phycocyanobilin 
The blue colored phycocyanobilin is one of the most abundant bilins in nature. It plays an 
important role as the light-harvesting pigment employed in PBPs found in cyanobacteria, 
red algae, glaucophytes and cryptophytes. Furthermore, it acts as the light-sensing 
chromophore of phytochrome-type photoreceptors of cyanobacteria and streptophyte algae 
(Lamparter et al., 2001; Rockwell et al., 2017). The biosynthesis of PCB is mediated by two 
different enzymes. In cyanobacteria and cyanophages PcyA reductases catalyze the formal 
four-electron reduction of BV to PCB via a radical mechanism (Figure 6; Frankenberg and 
Lagarias, 2003; Tu et al., 2007). In the first part of the reaction, PcyA mediates the two-
electron reduction at the D-ring exo-vinyl group, yielding the intermediate 181,182-
dihydrobiliverdin (181,182-DHBV). In a second two-electron reduction at the A-ring 2,3,31,32-
diene system, PcyA catalyzes the reaction of 181182-DHBV to yield PCB.  
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Figure 6. Biosynthesis of phycocyanobilin in cyanobacteria. PcyA catalyzes the four-electron reduction of 
BV (green, pyrrole rings lettered from A to D) to PCB (blue). The reduction proceeds in two coupled steps via 
the intermediate 181,182-DHBV (light blue). The sites of the respective reductions are highlighted light-grey. 
P = Propionate side chains. 3E/Z-phycocyanobilin = 3(E)- and 3(Z)-phycocyanobilin isomers. 
In contrast, it was recently described that streptophyte algae synthesize PCB employing a 
HY2 reductase (Rockwell et al., 2017). The reconstitution of the bilin biosynthesis pathway 
of the alga Klebsormidium flaccidum in E. coli showed that the coexpression of a HY2-type 
reductase (i.e. KflaHY2) with the corresponding HO (i.e. KflaHY1) and different 
phytochromes produces functional holophytochromes with PCB as the chromophore 
(Rockwell et al., 2017). However, the course of this reaction is not fully understood and the 
direct proof that purified KflaHY2 itself catalyzes the reaction of BV to PCB is still missing.  
The biosynthesis of phycoerythrobilin 
The pink open-chain tetrapyrrole PEB is an important light-harvesting pigment in PBPs of 
cyanobacteria, red algae, glaucophytes and cryptomonads. Interestingly, there are different 
ways to synthesize PEB, depending on the origin of the FDBR. In cyanobacteria, the 
reductase pair PebA and PebB is involved in the formation of PEB (Figure 7; Frankenberg 
et al., 2001; Dammeyer and Frankenberg-Dinkel, 2006). 
 
Figure 7. Biosynthesis of phycoerythrobilin in cyanobacteria. PebA catalyzes the two-electron reduction of 
BV (green; pyrrole rings lettered from A to D) to 15,16-DHBV (purple) at the C15 methine bridge. 15,16-DHBV 
is the substrate for PebB, which catalyzes the reduction at the A-ring 2,3,31,32-diene system to yield PEB (pink). 
The sites of the respective reductions are highlighted light-grey. P = Propionate side chains. 3E/Z-
phycoerythrobilin = 3(E)- and 3(Z)-phycoerythrobilin. 
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In the first part of this reaction, PebA mediates a two-electron reduction of BV at the C15 
methine bridge between the C- and D-ring, yielding 15,16-DHBV. Subsequently, 15,16-
DHBV is reduced by PebB to PEB in a two-electron reduction at the A-ring 2,3,31,32-diene 
system. As 15,16-DHBV is very unstable, a substrate channeling between the two 
reductases has been postulated (Dammeyer and Frankenberg-Dinkel, 2006). The reduction 
at the A-ring is the most common reaction found in FDBRs and only PebA and PUBS do 
not catalyze this reaction. Furthermore, PebB is the only known member of the FDBR family 
that does not accept BV as its substrate.  
Additionally, PEB can also be synthesized by another member of the FDBR family: The 
PebS reductases. PebS shares a high homology to PebA and was discovered in the 
myovirus P-SSM2, a virus infecting marine Prochlorococcus species (Dammeyer et al., 
2008a). Compared to the coupled reduction of the PebA and PebB reductases, PebS is 
capable of catalyzing the formal four-electron reduction of BV to PEB via the intermediate 
15,16-DHBV (Figure 8).  
 
 
Figure 8. Phage-related biosynthesis of phycoerythrobilin. PebS catalyzes the formal four-electron 
reduction of BV (green; pyrrole rings lettered from A to D) to PEB (pink) via the intermediate 15,16-DHBV 
(purple). The sites of the respective reductions are highlighted light-grey. P = Propionate side chains. 3E/Z-
phycoerythrobilin = 3(E)- and 3(Z)-phycoerythrobilin. 
PebS combines the activities of both PebA and PebB. A possible advantage for the phage 
could lie in the reduction of the genetic material required for the formation of PEB, as the 
size of the capsid strictly limits the available space for the packaging of DNA (Dammeyer et 
al., 2008a). Interestingly, PebS sequences have thus far only been discovered in DNA 
originating from phages and not from cyanobacteria.  
The biosynthesis of phycourobilin 
The yellow pigment phycourobilin can be found as one of the light-harvesting chromophores 
in the phycobiliproteins of cyanobacteria and red algae (Bryant et al., 1981; Yu et al., 1981). 
PUB was also found in the moss Physcomitrella patens where it was described to play a 
role in phytochrome-related light sensing (Chen et al., 2012). In this plant, PUB is formed in 
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a four-electron reduction mediated by the FDBR PUBS. In the first part of the reaction, 
PUBS catalyzes the reduction of BV at the C15 methine bridge to produce the intermediate 
15,16-DHBV. In a second reduction, 15,16-DHBV is reduced at the C5 methine bridge 
between the A- and the B-ring to yield PUB (Figure 9). 
 
Figure 9. Biosynthesis of phycourobilin catalyzed by PUBS. The FDBR PUBS catalyzes the four-electron 
reduction of BV (green; pyrrole rings lettered from A to D) to PUB (yellow) via the intermediate 15,16-DHBV 
(purple). The sites of the respective reductions are highlighted light-grey. P = Propionate side chains.  
In contrast, in cyanobacteria PUB is synthesized by an isomerization of PEB during the 
attachment to phycobiliproteins mediated by enzymes possessing lyase-isomerase activity 
(Blot et al., 2009; Shukla et al., 2012). PUBS along with PebA is one of the two FDBR-
members that is not capable of catalyzing a reduction at the A-ring 2,3,31,32-diene system. 
1.2.3 The structure of the ferredoxin-dependent bilin reductases 
To date, several crystal structures of FDBRs, including PcyA, PebA and PebS, have been 
solved (Hagiwara et al., 2006a; Dammeyer et al., 2008b; Busch et al., 2011a).This revealed 
that all FDBRs possess the same structure, although their overall sequence identity is rather 
low. The reductases are globular single-domain proteins that all employ an -sandwich 
fold with a central -sheet flanked by -helices (Figure 10 A-C). 
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Figure 10. Overview of the crystal structures of three different FDBRs. Important catalytic residues are 
shown as sticks. The structures are colored from blue to red, starting with the N-terminus. The substrate BV is 
shown as green sticks. A. Crystal structure of PcyA with bound BV shown in cartoon representation (PDB 2D1E; 
Hagiwara et al., 2006a). B. Cartoon representation of the crystal structure of PebA with bound BV (PDB 2X9O; 
Busch et al., 2011a). C. Crystal structure of PebS with bound substrate shown in cartoon representation (PDB 
2VCK; Dammeyer et al., 2008b). 
The active site of the reductases is formed by a cavity located between the central -sheet 
(proximal side) and the C-terminal -helices (distal side). BV is bound in the active site of 
the enzyme with its propionate groups facing the solvent. The electrostatic potential on the 
surface of the BV-binding site is typically positively charged (Hagiwara et al., 2006b; Tu et 
al., 2007; Dammeyer et al., 2008b). Therefore, this is most likely the region where the FDBR 
and the acidic, negatively charged, electron donor ferredoxin interact. 
Despite the fact that all FDBRs show a similar overall structure and certain conserved 
features, they are able to catalyze a variety of reactions, yielding different products. In 
conclusion, the FDBRs must catalyze these reactions using slightly different mechanisms. 
1.2.4 The reaction mechanisms of the FDBRs 
Several studies including X-ray crystallography,EPR measurements, as well as site-
directed mutagenesis experiments have been performed to gain insights into the reaction 
mechanism employed by the different FDBRs (Tu et al., 2004; Hagiwara et al., 2006a; Tu 
et al., 2006; Tu et al., 2007; Stoll et al., 2009; Kohler et al., 2010; Busch et al., 2011a; Busch 
et al., 2011b; Unno et al., 2015). All FDBRs use the small iron-sulfur protein ferredoxin as 
the electron donor in their reactions. As ferredoxin is only capable of transferring one 
electron at a time and the FDBRs lack metallic or organic cofactors, it has been speculated 
that the reactions catalyzed by FDBRs proceed via a substrate radical mechanism 
(Frankenberg and Lagarias, 2003). EPR studies confirmed this hypothesis (Tu et al., 2004; 
Tu et al., 2008; Busch et al., 2011a; Busch et al., 2011b). To date, all FDBR reactions are 
thought to act via substrate radical mechanisms involving protonations followed by the 
transfer of one electron at a time. The protonation raises the midpoint potential of the 
1   Introduction 
12 
protonated BV or the protonated intermediate, facilitating the transfer of electrons from 
reduced ferredoxin onto the bilin, creating a substrate radical (Tu et al., 2006). 
The most thoroughly studied member of the FDBR family is PcyA. Several X-ray structures, 
neutron-crystallography, site-directed mutagenesis, as well as EPR experiments resulted in 
a detailed understanding of the PcyA reaction mechanism. These studies identified Glu76, 
His88 and Asp105 (PcyA from Synechocystis sp. PCC 6803 numbering) as catalytically 
essential residues located in the active site of PcyA (Figure 11 A Hagiwara et al., 2006a; 
Tu et al., 2006; Tu et al., 2007). Site-directed mutagenesis experiments, exchanging His88 
with Gln and Asp105 with Asn led to PcyA variants that have lost almost all of their catalytic 
activity. Both His88 and Asp105 function as proton donors during the course of the reaction, 
with Asp105 being the initial proton donor responsible for the formation of a protonated BV 
(BVH+). Interestingly, the exchange of Glu76 with Gln creates an enzyme that catalyzes the 
formation of PB resembling HY2-activity. This PcyA variant is not able to form the 
intermediate 181,182-DHBV, but is still able to catalyze the reduction at the A-ring. Hence, 
Glu76 must act as a proton donor in the reduction of the D-ring exovinyl group. Furthermore, 
the solution of PcyA crystal structures identified another feature of this member of the FDBR 
family: A proton shuttle reaching from His88 over several basic amino acid residues to the 
solvent. This proton channel is proposed to be involved in the reprotonation of His88 during 
the course of the reaction (Tu et al., 2007).  
 
Figure 11. Overview of catalytically important residues and the substrate binding in the active sites of 
different FDBRs. The substrate BV is shown as green sticks. Acidic amino acid residues are shown as red 
sticks, other important amino acid residues are shown as blue sticks. The corresponding secondary structure 
elements are indicated in a light-grey cartoon representation A. Close-up of the active site of PcyA from 
Synechocystis sp. PCC 6803 (PDB 2D1E; Hagiwara et al., 2006a). B. Close-up of the active site of PebS from 
the cyanophage P-SSM2 (PDB 2VCK; Dammeyer et al., 2008b). C. Close-up of the active site of PebA from 
Synechococcus sp. WH 8020 (PDB 2X9O; Busch et al., 2011a). 
The reaction mechanisms of the other members of the FDBR family are not as well 
understood as the reaction mechanism of the PcyA reductases. A common feature of all 
FDBRs except HY2 is a conserved Asp (i.e. Asp105 of PcyA) residue located on the central 
-sheet close to the binding site of the substrate (Figure 11 A - C). This conserved acidic 
residue is thought to be involved in the protonation of BV and/or radical intermediates and 
has been shown to be essential for the catalytic activity not only for PcyA, but also for PebA, 
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PebB and PebS (Tu et al., 2006; Busch et al., 2011a; Busch et al., 2011b). Interestingly, in 
PebA, PebB and PebS the PcyA His88 is replaced with an Asn residue which cannot 
function as a proton donor (PebS and PebA –Figure 11 B & C). Moreover, these 
reductases, as well as HY2, possess a conserved Asp (i.e. Asp206 – PebS from P-SSM2 
numbering) residue located on one of the distal -helices (PebS –Figure 11 B). This residue 
was shown to be critical for the A-ring reduction in PebS, PebB and HY2, whereas in PebA 
it points away from the active site (Tu et al., 2008; Busch et al., 2011a; Busch et al., 2011b). 
For this reason, it seems that FDBRs achieve their A-ring reductions in two different ways. 
PcyA reductases employ His88 located on the central -sheet as a proton donor for this 
reaction. On the other hand, PebS, PebB and HY2 reduce the A-ring by employing Asp206 
located on the distal -helices as protonating residue. 
The studies on the reaction mechanisms of the FDBRs not only revealed different essential 
amino acid residues, but the solution of several crystal structures also showed that the 
substrate adopts different conformations depending on the type of reductase. For example 
in the PcyA reductases, BV adopts a cyclic conformation where the pyrrole rings are almost 
located in one plane (Figure 11 A; Hagiwara et al., 2006a). In PebS, the substrate can be 
found in two different conformations, a planar and a more helical conformation, in which the 
A-ring is shifted towards the D-ring (Figure 11 B; Dammeyer et al., 2008b). In contrast, in 
PebA the BV is bound in a roof-like conformation with the A- and D-ring tilted by 
approximately 40° out of plane (Figure 11 C; Busch et al., 2011a). 
In conclusion, this suggests that not only the conserved catalytically active residues 
contribute to the different regiospecificities of the reductases. Moreover, also the 
conformation and orientation of the substrate in the active site seems to play an important 
role in the FDBR-mediated reactions to the specific pigments. 
1.3 The physiological functions of bilins 
1.3.1 Light-harvesting 
Photosynthesis is characterized as the conversion of light energy into chemical energy by 
the reduction of CO2 to carbohydrates, making it one of the key processes in nature. Most 
photosynthetically active organisms harvest light by employing the cyclic tetrapyrrole 
chlorophyll (Chl) in antenna complexes. Hence, Chls are the most abundant light-harvesting 
pigments on earth. Nevertheless, Chls absorb primarily blue and red light, leaving a 
considerable amount of light-energy unused, also known as the “green gap” between ~ 
500 nm and 600 nm. Therefore, many organisms like cyanobacteria, red algae and 
cryptomonads have developed strategies to overcome the limitations of their chlorophyll-
related light-harvesting machinery. They employ proteins with attached open-chain, linear 
tetrapyrroles that allow efficient light-harvesting in regions of the spectrum where their Chls 
1   Introduction 
14 
only poorly absorb light. These proteins are called phycobiliproteins. Some organisms like 
cyanobacteria and red algae assemble these PBPs into large protein complexes called 
phycobilisomes that form rod-shaped antennae which are directly attached to the 
photosystem II and act like an energy funnel (Glazer, 1977; Zilinskas and Greenwald, 1986).  
Several solved crystal structures revealed that the PBPs obtain a globin-like fold, but 
possess additional helices (Schirmer et al., 1986). The PBPs form heterodimers consisting 
of homologous - and -subunits that are thought to have coevolved from a common 
ancestor (Apt et al., 1995). The heterodimers are capable to form higher oligomeric states 
and assemble into ring-shaped ()3-trimers or ()6-hexamers that are the building blocks 
for the phycobilisome (Figure 12). 
 
Figure 12. Crystal structures of phycocyanin in different oligomerization states. The proteins are shown 
in cartoon representation. -subunits are colored in green, -subunits are colored in salmon. The 
phycocyanobilin chromophores are shown as blue sticks. A. ()-monomer of phycocyanin from Synechocystis 
sp. PCC 6803 (PDB 4F0T; Marx and Adir, 2013). B. ()3-trimer of phycocyanin from Synechocystis sp. PCC 
6803 (PDB 4F0T). C. ()6-hexamer of phycocyanin from Thermosynechococcus elongatus (PDB 4ZIZ;Fromme 
et al., 2015). Figure modified after Ledermann et al., 2017a. 
The structure of the phycobilisome is divided into two parts: The core and the peripheral 
rods. The core of the phycobilisome is formed by allophycocyanin (APC) which is made up 
out of six ()3-trimers. The rod-shaped antennae are composed of )3-trimers or ()6-
hexamers which are held together by linker proteins that connect the single building blocks. 
Four different types of PBPs with different chromophore compositions exist in 
cyanobacteria: APC, phycocyanin (PC), phycoerythrocyanin (PEC) and phycoerythrin (PE). 
The differences in the chromophore composition also lead to different absorbance 
characteristics, which are given in the table below. 
Table 1. Absorbance characteristics and colors of the different phycobiliproteins in cyanobacteria. 
Phycobiliprotein Absorbance range [nm] Color 
Allophycocyanin  650 – 655 Green-blue 
Phycocyanin  610 – 620 Blue 
Phycoerythrocyanin  570 – 590 Purple 
Phycoerythrin  540 – 570 Orange-red 
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The differences in the absorbance ranges of the PBPs is mostly caused by their bilin 
chromophores. To date, four different bilins are known to occur as the light-harvesting 
pigments in PBPs: The blue PCB (max = 620 nm), the violet phycoviolobilin (PVB; max = 
590 nm), the pink PEB (max = 540 nm) and the yellow PUB (max = 500 nm). These 
chromophores are attached to the apoproteins via thioether bonds to conserved cysteine 
residues. This attachment was shown to happen spontaneously in vitro, leading to a mixture 
of different products due to a low fidelity of the process (Fairchild and Glazer, 1994; Scheer 
and Zhao, 2008). Therefore, in nature the chromophores are site- and stereospecifically 
attached to the apoproteins by a class of enzymes called phycobiliprotein lyases. These 
enzymes promote the formation of a thioether bond from the conserved cysteine residue of 
the PBP to the A-ring of the bilin chromophore. In most cases the chromophore is linked to 
the protein by a single thioether bond via the C31 atom, but there are cases where a second 
bond is formed between the C181 atom of the D-ring and another cysteine residue (Scheer 
and Zhao, 2008). 
1.3.2 Light-sensing 
Bilins are not only found as the light-harvesting chromophores in PBPs, but also act as the 
light-sensing pigments in phytochrome-type photoreceptors. Photoreceptors are used by 
many organisms, allowing them to sense the quality, intensity and the direction of the 
ambient light. This enables these organisms to adapt their metabolism according to the 
different light conditions. Phytochromes are the most extensively studied members of the 
photoreceptors and were first discovered in the late 1950s in plants (Butler et al., 1959). 
Phytochromes have been found in several other organisms like cyanobacteria 
(cyanobacterial phytochromes, Cphs; Yeh et al., 1997), heterotrophic bacteria (bacterial 
phytochromes, Bphs; Bhoo et al., 2001) and fungi (fungal phytochromes, Fphs; Blumenstein 
et al., 2005). Furthermore, the family of phytochromes comprises atypical, phytochrome-
like proteins discovered in cyanobacteria. Consequently they are termed as 
cyanobacteriochromes (CBCRs) (Ikeuchi and Ishizuka, 2008). 
Phytochromes employ a covalently bound bilin chromophore (PB in plants, PCB in 
streptophyte algae and cyanobacteria, BV in heterotrophic bacteria and fungi) to sense red 
and far-red light. The chromophore is autocatalytically attached to a conserved cysteine of 
the apoprotein and triggers a reversible photoconversion of the holoprotein between a red-
absorbing (Pr) and a far-red absorbing (Pfr) state upon the absorption of light. This 
mechanism qualifies phytochromes as tools to measure the ratio of red and far-red light, 
enabling for example plants to perceive shading caused by neighboring vegetation (Holmes 
and Smith, 1975). The perception of changing light conditions then allows the response by 
the activation of shade-avoidance reactions (Smith and Whitelam, 1990). Furthermore, 
1   Introduction 
16 
phytochromes induce reactions including seed germination, chloroplast movement, 
photoperiodic time measurement and photomorphogenesis (Mathews, 2006; Sharrock, 
2008). The molecular mechanism behind the change between the Pr- and Pfr-form of the 
phytochromes is a reversible Z/E isomerization between the C- and the D-ring of the bilin 
chromophore. This isomerization leads to conformational changes in the protein and 
triggers the initiation of the response reactions.  
The typical architecture of a phytochrome is divided into two parts: An N-terminal 
photosensory module and a C-terminal signaling domain (Figure 13). 
 
Figure 13. Overview of the typical architectures of phytochromes from different species. Phytochromes 
consist of a photosensory and a regulatory domain. The photosensory part of the phytochrome carries the 
chromophore and typically contains a PAS domain (blue circle), a GAF domain (green box) and a PHY domain 
(yellow box). Furthermore, plant-type (Phys) and fungal phytochromes (Fphs) possess N-terminal extensions 
(black lines N-terminal to the PAS domains). In plant-type phytochromes, the chromophore PB (light blue star) 
is bound within the GAF domain. Cyanobacterial phytochromes (Cphs) employ PCB (blue star) as the light-
sensing chromophore that is also attached to the GAF domain. In contrast, bacterial (Bphs) and fungal Fphs 
use BV (green star) as the chromophore bound to their PAS domains. The composition of the regulatory domain 
differs depending on the origin of the phytochrome. The regulatory region of Phys usually consists of two PAS 
domains and a histidine kinase-related domain (orange circle with sector and red rhombus). The other 
phytochromes show typical histidine kinase domains (HK) and lack the PAS domains. Fphs usually harbor a 
response regulator domain (blue triangle), whereas only a minority of the Cphs and Bphs possess this feature 
(indicated as dashed triangles). 
The structure of the photosensory module is conserved among the different phytochromes 
and comprises PAS (Per-ARNT-Sim), GAF (cGMP-specific phosphodiesterases, adenylyl 
cyclases and FhlA) and PHY (phytochrome) domains. In addition to the conserved 
domains, Phys and Fphs also possess N-terminal extensions which seem to influence the 
dark reversion of the phytochrome (Brandt et al., 2008; Sharrock, 2008; Burgie et al., 2014). 
In bacterial and fungal phytochromes, the light-sensing bilin is usually bound to a cysteine  
residue in the PAS domain preceding the GAF domain, whereas in cyanobacterial and 
plant-type phytochromes the bilin is bound within the GAF domain (Nagano, 2016). The 
composition of the signaling domain differs depending on the origin of the phytochrome. 
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Prokaryotic phytochromes typically employ a histidine kinase (HK) domain, while plant-type 
phytochromes retain a histidine kinase-related domain, lacking the conserved histidine 
involved in the acceptance of the phosphoryl group (Yeh et al., 1997; Yeh and Lagarias, 
1998). Even though the histidine kinase-related domain inhabits serine/threonine kinase 
activity, it has been shown that it is not essential for the function of plant-type phytochromes 
(Krall and Reed, 2000). In contrast, prokaryotic phytochromes function as light-regulated 
histidine kinases in two-component systems (Yeh et al., 1997). Interestingly, in fungal 
phytochromes it is common that the signaling domain is directly fused to a response 
regulator domain. On the other hand, in Bphs and Cphs most of the members do not 
possess this C-terminal fusion (Sharrock, 2008).  
The family of phytochromes also comprises the atypical CBCRs. These photoreceptor 
proteins are found in cyanobacteria where they are related to processes like the regulation 
of phototaxis, light-dependent cell aggregation and complementary chromatic adaption 
(Savakis et al., 2012; Hirose et al., 2013; Narikawa et al., 2015). CBCRs only need a GAF 
domain to form photoactive adducts with a bilin chromophore and function as light-sensors 
in near-UV/visible lights between 330 nm and 680 nm (Hirose et al., 2013; Enomoto et al., 
2014). They employ PCB and PVB as light-sensing chromophores, whereas PVB is formed 
via an intrinsic isomerase activity (Ishizuka et al., 2011). CBCRs show diverse photocycles 
which include for example, photoconversions from blue to green absorbing species as well 
as conversions from green to red absorbing forms (Narikawa et al., 2013). The spectral 
properties of the CBCRs are not only determined by their chromophore. Moreover, there 
are several mechanisms that tune the absorption characteristics. These are for instance the 
formation of a covalent bond from a second Cys residue to C10 of the chromophore and 
protonation/deprotonation cycles (Rockwell et al., 2008; Hirose et al., 2013; Narikawa et al., 
2015). Another interesting characteristic of the CBCRs are the related output domains. The 
physiological roles are not fully understood nevertheless, there are several output domains 
associated with the CBCR GAF domain (Enomoto et al., 2014). These include histidine 
kinase domains, as well as methyl-accepting chemotaxis domains and GGDEF/EAL 
domains (Yoshihara et al., 2004; Hirose et al., 2010; Savakis et al., 2012). GGDEF domains 
possess diguanylate cyclase activity and are therefore, involved in the formation of the 
second messenger cyclic di-GMP. The EAL domain typically is the corresponding 
phosphodiesterase that degrades cyclic di-GMP (Römling et al., 2013; Enomoto et al., 
2014). 
1.4 Marine phages - Key players in aquatic ecosystems 
Some of the enzymes involved in the biosynthesis of the light-sensing and light-harvesting 
bilins are not only present in organisms like cyanobacteria, but were also discovered in 
marine phages. With an estimated number of 1030, viruses represent by far the most 
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abundant biological entity in the oceans (Breitbart et al., 2002; Suttle, 2007; Perez 
Sepulveda et al., 2016). Furthermore, it is thought that in every second 1023 infection events 
take place (Suttle, 2007). This highlights the importance of the understanding of the 
mechanisms underlying the phage-host interactions, as every infection has the potential to 
transfer genetic information. Hence, viruses are one of the major driving forces that increase 
genetic diversity. They also play an important role in the nutrition cycles and have a direct 
impact on the diversity of the bacterial communities (MIddelboe et al., 2003). 
1.4.1 Impact on the nutrient cycling and on the diversity of the bacterial community 
The lysis of the host cell is often the final step in the “life cycle” of a phage. As a result 
phages contribute not only to the controlling of the host population, but also liberate large 
amounts of organic matter into the dissolved state. This is extremely important, as the lysis 
of the host yields substrates which are usable as an energy source for other prokaryotes. 
This withdrawal of nutrients from the “classic” food chain involving eukaryotic grazers is 
termed the “viral shunt" and is thought to free up to 26% of the photosynthetically fixed 
carbon (Wilhelm and Suttle, 1999).  
The lysis of the specific hosts not only yields soluble organic compounds, but also has an 
impact on the composition of bacterial communities (Weinbauer and Rassoulzadegan, 
2004). An increase of the abundance of the host is most likely followed by an increase of 
the number of its phages. Thus, marine phages play an important role in keeping the 
composition of bacterial communities in check.  
1.4.2 Auxiliary metabolic genes in marine phages 
Despite the first DNA-based genome ever to be sequenced was that of bacteriophage 
X174, published in 1977 by Frederick Sanger and coworkers, it took more than 20 years 
until the first genome of a marine phage was sequenced (Sanger et al., 1977; Mannisto et 
al., 1999). Since then, the number of available genomes rapidly increased. The classic 
approach of sequencing a phage genome is limited by the requirement to cultivate the host 
bacterium. A technique to overcome this limitations was found in metagenomics-based 
methods. The first metagenomics study on marine viral communities was conducted by 
Breitbart and coworkers in the early 2000s (Breitbart et al., 2002). Until now several other 
studies applying metagenomics approaches have been performed to specifically shed light 
onto the diverse viral genomes (Angly et al., 2006; Sharon et al., 2011; McDaniel et al., 
2014). 
The intensive studies of the genetic composition of marine viruses revealed that a common 
feature in phages that infect cyanobacteria (i.e. cyanophages) is the occurrence of auxiliary 
metabolic genes (AMGs). AMGs are homologs to bacterial genes involved in the 
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metabolism and are thought to improve phage fitness during the infection (Breitbart et al., 
2002; Dammeyer et al., 2008a; Gao et al., 2016). For instance, cyanophages often carry 
AMGs related to photosynthesis (Puxty et al., 2015). These processes include pigment 
biosynthesis, formation of reaction centers, electron transport and carbon fixation (Mann et 
al., 2003; Dammeyer et al., 2008a; Millard et al., 2009). 
The AMGs related to light-harvesting pigments comprise FDBRs, HOs and PBP-lyases. 
The FDBRs found in cyanophages are members of the PcyA and PebS reductases enabling 
the synthesis of both PCB and PEB (Dammeyer et al., 2008a). Viral HOs target the -meso 
carbon of the heme macrocycle yielding BV IX, the substrate of PcyA and PebS. The fact 
that PebS, as well as other genes involved in pigment biosynthesis have been described to 
be transcribed during infection events, highlight their importance for the phages (Dammeyer 
et al., 2008a). In addition, Shan and coworkers reported in Synechococcus sp. WH7803 an 
increase of the amount of phycoerythrin per cell upon infection with phage S-PM2. A result 
that supports the theory that cyanophages modify the cyanobacterial light-harvesting 
machinery upon infection (Shan et al., 2008). Another class of genes involved in the bilin-
related light-harvesting encode for PBP-lyases, proteins that are involved in the specific 
attachment of bilins onto phycobiliproteins. The PBP-lyases found in cyanophages belong 
to the class of T-type lyases which are ubiquitous among cyanobacteria (Shen et al., 2006; 
Gasper et al., 2017). A recently characterized viral T-type lyase (i.e. CpeT), originating 
from cyanophage P-HM1 revealed that it adopts the same overall -barrel fold as the T-type 
lyase found in Nostoc sp. PCC7120, but is more compact and smaller (Zhou et al., 2014; 
Gasper et al., 2017). Accordingly, most AMGs have a reduced gene length compared to the 
homologs found in bacteria, as the limited space of a viral capsid increases the pressure to 
reduce the genetic information as efficiently as possible (Puxty et al., 2015). 
AMGs are not only restricted to the field of pigment biosynthesis and attachment. For 
instance, psbA and psbD, genes encoding for the proteins D1 and D2 which form the core 
of the reaction center of photosystem II, are widespread among cyanophages (Zouni et al., 
2001; Mann et al., 2003; Lindell et al., 2004; Sullivan et al., 2006; Zheng et al., 2013). As 
the psbA and psbD genes found in the phages share a high homology to the genes found 
in the hosts, it is likely that they serve the same functions. Therefore, the contribution of 
psbA and psbD to phage fitness is thought to be in the limitation of photo-inhibition in the 
host cells during infection (Mann et al., 2003).  
Furthermore, phages carry genes like petF and petE which encode for ferredoxin and 
plastocyanin, respectively (Dammeyer et al., 2008b; Millard et al., 2009). PetF functions as 
electron donor for the FDBRs involved in the pigment biosynthesis, whereas plastocyanin 
is a small copper protein engaged in the electron transfer from the cytochrome b6f complex 
and photosystem I. 
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Phages also possess AMGs related to carbon fixation and metabolism. Genes that are quite 
common among cyanophages for example, are cp12 and talC (Sullivan et al., 2010). In the 
hosts, the gene product of cp12 is a small redox protein that is linked to the termination of 
the Calvin-cycle (Tamoi et al., 2005). The host homolog to talC is talB, which encodes for a 
transaldolase of the pentose phosphate pathway. In conclusion, it seems that cyanophages 
redirect the carbon cycles during the infection, resulting in a decreased Calvin-cycle activity 
and an increased pentose phosphate pathway activity. As a result, the NADPH over NADP 
ratio is raised during the infection. A possible contribution to phage fitness could be the 
promotion of the synthesis of dNTPs required for the replication of the phages (Thompson 
et al., 2011).  
1.5 Marine metagenomes as a source for new enzymes 
As most of the viruses and organism in the ocean are to date not cultivable under laboratory 
conditions, the gathering and analysis of marine metagenomics data has become a 
precious tool to access the majority of genetic information present in the oceans. 
Metagenomics bypass the cultivation of organisms in the laboratory by isolating DNA 
directly out of environmental samples. To exploit this rich source of genetic information, 
several expeditions took place that include sampling activities in the Sargasso Sea (Venter 
et al., 2004), as well as expeditions that collected samples at several sites across the world’s 
oceans. One of the first ventures that was undertaken was the “Global Ocean Sampling 
Expedition (GOS)” that started as a cruise from the North Atlantic through the Panama 
Canal to the South Pacific Ocean. The data gathered through that part of the expedition 
comprise about 6.3 bilion base pairs of DNA (Rusch et al., 2007). A major limitation of this 
expedition was that all samples of this expedition were collected within a few meters from 
the surface. Furthermore, they were filtered to yield a fraction only comprising a range 
between 0.2 and 0.8 µm. Therefore, the genetic information gained during this study was 
limited to the near surface planktonic niche (Nealson and Venter, 2007). Consequently, the 
next parts of the expedition also comprised sampling from extreme environments like saline 
ponds or thermal vents. An expedition with a focus on the collection of samples from the 
ocean’s surface and the bathypelagic layer (depths > 1000 m) was the Malaspina 
expedition that took place between 2010 and 2011 (Duarte, 2015). Samples were taken in 
the Atlantic Ocean, the Indian Ocean and the South Pacific. Another expedition that span 
the world’s oceans was the Tara Oceans expedition that was started in 2009 and finished 
in 2013. This expedition included the collection of 35,000 samples at 210 sites focusing on 
planktonic organisms from the surface (0 - 200 m) and the mesopelagic zone 
(200 - 1000 m), complementing the GOS and the Malaspina expedition (Pesant et al., 
2015). 
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1.6 The discovery of new bilin biosynthesis enzymes  
A “problem” of the expeditions mentioned in the previous paragraph is the sheer amount of 
genetic information that is gathered in the metagenomic-approaches. For that reason, the 
identification of interesting genes is mostly dependent on the bioinformatic processing of 
these datasets. In order to identify new AMGs in the metagenomic data collected during the 
GOS expedition, the VirMic project was created (Sharon et al., 2011). This comprises a 
dataset that is enriched with viral scaffolds that carry genes with a microbial origin. The 
screening of this data led to the identification of several FDBR and phycobiliprotein lyase 
genes (Ledermann et al., 2016). Interestingly, in phylogenetic analyses one of the 
discovered FDBRs showed that it did not cluster within the already characterized FDBRs. 
As it shares the most homology to the group of PcyA reductases (~ 30%) and the 
biochemical properties were unknown at this point, it was termed PcyX. Further analyses 
using the sequence of the discovered pcyX gene against the Community cyberinfrastructure 
for Advanced Microbial Ecology Research and Analysis (CAMERA) server (Sun et al., 
2011) led to the identification of several other pcyX genes on GOS scaffolds which were 
predicted to be of viral origin (Ledermann et al., 2016). Upstream to some of the discovered 
pcyX sequences, genes encoding for heme oxygenases were identified (hemO; Figure 14). 
This HO and FDBR “mini-cassette” was also discovered in two fosmids from uncultured 
Mediterranean Sea phages. 
 
 
Figure 14. Schematic maps of the GOS-scaffolds and a Mediterranean Sea fosmid on which the new 
bilin biosynthesis genes were discovered. For reasons of clarity only a part of the AP014375 Mediterranean 
Sea fosmid map is shown. Dashed lines symbolize non-sequenced areas of the GOS clones. The predicted 
hemO ORFs are marked in purple and the predicted pcyX ORFs are marked in blue. ORFs with no homology 
to cultured microorganisms and viruses are marked in black and ORFs with a viral origin are colored red. 
Adapted from Ledermann et al., 2016. 
Phylogenetic comparison of the newly discovered HOs and FDBRs showed that both form 
distinct clusters in phylogenetic tress when compared to other members of the enzyme 
families (FDBRs - Figure 15). 
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Figure 15. Phylogenetic tree displaying the relationship between the members of the FDBR family. FDBR 
sequences from cultured phages are marked red. Sequences from Synechococcus sp. are shown in blue and 
sequences from Prochlorococcus sp. in green. The circles symbolize bootstrap values > 90%. Adapted from 
Ledermann et al., 2016. 
In order to identify the origin of the new bilin biosynthesis genes, the neighboring viral genes 
were examined. The phylogenetic comparison of the gp13 myophage neck protein that was 
discovered on some of the scaffolds (see Figure 14) revealed that they are most likely not 
derived from cyanophages, but could originate from phages that rather infect 
alphaproteobacteria (Ledermann et al., 2016). 
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1.7 Objectives of this work 
The discovery of novel, viral members of the HO- and FDBR-families raised the question, 
whether these sequences encode for active enzymes. Moreover, the characterization of the 
FDBR PebS revealed that the activity of enzymes cannot reliably be predicted based on 
phylogenetic analyses (Dammeyer et al., 2008a). The objective of this work was to 
biochemically and biophysically investigate the recombinantly produced gene products of 
hemO and pcyX. A special focus was set on the characterization of the mechanisms 
underlying the reaction catalyzed by the PcyX FDBR group. 
Another part of this project was to investigate the activity of the FDBR KflaHY2. This 
reductase was shown to catalyze the reduction of BV to PCB in indirect in vivo approaches 
reconstituting the bilin biosynthesis of the alga in E. coli (Rockwell et al., 2017). To identify 
the reaction products in direct in vitro assays and to gain further insights into the reaction 
mechanism, the recombinant KflaHY2 reductase was biochemically characterized. 
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2 Material and Methods 
2.1 Material and chemicals 
All chemicals and reagents used in this study were ACS grade or better and were purchased 
from AppliChem (Darmstadt), Carl Roth (Karlsruhe), Merck (Darmstadt) and Sigma Aldrich 
(Munich) unless stated otherwise. For buffers, solutions and cultivation media ultra-pure 
water was used at a resistance of 18 MFor the cultivation of bacteria all solutions were 
autoclaved or filter sterilized prior to use. The glass ware was sterilized by dry heat. 
2.1.1 Equipment 
Table 2. Instruments. 
Type of instrument Name Manufacturer 
Agarose gel electrophoresis Com Phor L Mini 
Com Phor L Midi 
Biozym 
 
Autoclave VX 150 Systec 
Blotting equipment Semidry Blot 
Trans-Blot® SD 
Bio-Rad 
Centrifuges and rotors Centrifuge 54115D 
Rotor F-45-24-11 
Z32HK 
Rotor 12/032 
Sorvall LYNX 6000  
Rotor T29 
Rotor F9 
Eppendorf 
 
HERMLE 
 
Thermo Fisher 
EPR spectrometer Elexsys E580 
Pulsed Microwave Bridge E580-
1010 
Cavity 4122SHQE-W1/1017  
Bruker 
FPLC ÄktaPure GE Healthcare 
FPLC columns HiLoadTM 16/600 SuperdexTM 75 
pg 
HisTrapTM FF 1 ml 
HiTrapTM DEAE FF 5 ml 
SuperdexTM 75 10/300 GL 
GE Healthcare 
Gel documentation GeliX20 Imager Intas 
High pressure homogenizer LM 10 Microfluidizer Microfluidics 
HPLC 1100 series Agilent 
HPLC column Luna 5 um C18 (2) 100 A, 250 x 
4,6 mm 
Phenomenex 
pH meter Basic pH Meter P-11 Sartorius 
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Photometers 8453 UV visible System 
NanoDrop™ Lite 
Novaspec III  
Agilent 
Thermo Fisher 
Amersham Bioscience 
Power supply PowerPac 300 Bio-Rad 
Scales AccuLab  
Research 
Sartorius 
Sartorius 
SDS-PAGE Mini-Protean® Tetra cell System Bio-Rad 
Thermocycler T1 Thermocycler Biometra 
Ultrasonic homogenizer UW 2200 with tip KE 76 Bandelin 
Ultra-pure water system MilliQ® Integral Water Purification 
System  
Merck Millipore 
 
2.1.2 Special chemicals, material, enzymes, kits and antibodies 
Table 3. Special chemicals and material. 
Type of material  Name Manufacturer 
Column material for affinity 
chromatography 
Protino® Glutathione Agarose 4B 
Strep-Tactin® Sepharose® 
Macherey-Nagel 
IBA  
Centrifugal concentrator Vivaspin 6 10.000 MWCO PES 
Vivaspin 6 3.000 MWCO PES 
Sartorius 
Crystallization plates 96 well 3550 Corning 
Crystallization plates 24 well XRL plates Molecular Dimensions 
Dialysis tubing Visking MWCO 10,000 Carl Roth 
DNA loading dye  DNA Gel Loading Dye Purple (6x) New England Biolabs 
DNA size standard  GeneRulerTM DNA Ladder Mix Thermo Fisher 
DNA stain GelRedTM Biotium 
Filter PTFE, 0.2 µm/0.45 µm ø 4 mm Phenex 
Protein size standard PageRulerTM prestained protein 
ladder 
Thermo Fisher 
PVDF membrane Roti®-PVDF-Membrane Carl Roth 
Solid phase extraction Sep-Pak®-light C18 Waters 
Sterile filter Rotilabo® 0.2 µm/0.45 µm 
ø 30 mm 
Carl Roth 
 
Table 4. Enzymes and kits. 
Type of material Name Manufacturer 
DNA ligase T4 DNA Ligase Thermo Fisher 
DNA polymerase Phusion High-Fidelity DNA 
Polymerase 
Thermo Fisher 
PCR clean-up kit NucleoSpin® Gel and PCR 
Clean-up 
Macherey-Nagel 
Plasmid DNA miniprep kit NucleoSpin® Plasmid EasyPure Macherey-Nagel 
Protease PreScission Protease GE Healthcare 
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Restriction Endonucleases FastDigest line Thermo Fisher 
Site-Directed Mutagenesis QuikChange Lightning Agilent 
 
Table 5. Antibodies for Western Blot analyses. 
Antibody Dilution Antigen Manufacturer 
Goat anti-GST antibody 1:20000 GST-tag Pharmacia Biotech 
Rabbit anti-goat IgG-
alkaline phosphatase 
conjugate 
1:2000 Goat IgG ImmunoResearch 
 
2.1.3 Bacterial strains 
Table 6. Bacterial strains. 
Strain Genotype Reference 
E. coli BL21 (DE3) F–ompT gal dcm lon hsdSB(rB–mB-) 
λ(DE3 [lacI lacUV5-T7p07 ind1 
sam7 nin5]) [malB+]K-12(λS) 
Studier and Moffatt, 1986 
E. coli JM83 rpsL ara Δlac-proAB strA thi 
[80dlacZΔM15] 
Vieira and Messing, 1982 
E. coli XL10-Gold endA1 glnV44 recA1 thi-1 gyrA96 
relA1 lac Hte Δ(mcrA)183 
Δ(mcrCB-hsdSMR-mrr)173 tetR 
F'[proAB lacIqZΔM15 Tn10(TetR 
Amy CmR)] 
Agilent 
 
2.1.4 Plasmids 
Table 7. Plasmids. 
Plasmid Features Affinity tag Reference 
pASK-IBA3-bphP pASK-IBA3 derivate containing the 
bphP (PA 4117) gene from 
Pseudomonas aeruginosa 
C-terminal 
Strep tag II 
Tasler et al., 2005 
pASK_pcyX pASK-IBA-45(+) derivate containing a 
synthetic gene of pcyX from marine 
metagenome 
N-terminal 
Strep tag II 
This study 
pCWori-pd pCWori derivate containing a gene 
encoding for putidaredoxin from 
Pseudomonas putida. 
 Donation of P. Ortiz 
de Montellano, UC 
SF 
pET23a-pdR pET-23a(+) derivate containing a gene 
encoding for putidaredoxin reductase 
from Pseudomonas putida 
N-terminal 
T7 tag 
Donation of P. Ortiz 
de Montellano, UC 
SF 
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pET28a-KflaHY2 pET-28a(+) derivate carrying a 
synthetic gene comprising the catalytic 
core region of KflaHY2 without the 
predicted chloroplast transit peptide 
N-terminal 
His6 tag 
Donation of J. Clark 
Lagarias, UC Davis; 
unpublished 
pET-cph1 pET derivate carrying the cph1 gene 
from Synechocystis sp. PCC6803 
C-terminal 
His6 tag 
Donation of J. Clark 
Lagarias, UC Davis 
pGEX_hemO_optimizer pGEX-6P-1 derivate containing a 
synthetic gene of hemO from marine 
metagenome optimized for the codon 
usage of E. coli using the “Optimizer” 
web server HemO  = EBK42634 from 
GOS scaffold 
JCVI_SCAF_1101668336406 
N-terminal 
GST tag 
Donation of Oded 
Béjà, Technion Israel 
Institute of 
Technology 
Ledermann et al., 
2016 
pGEX_mHY2 pGEX-6P-1 derivate with mature HY2 
gene from Arabidopsis thaliana 
N-terminal 
GST tag 
Kohchi et al., 2001 
pGEX_pcyA pGEX-6P-1 derivate with pcyA from 
Nostoc sp. PCC7120 
N-terminal 
GST tag 
Frankenberg and 
Lagarias, 2003 
pGEX_pcyA_Brady pGEX-6P-1 derivate containing a 
synthetic gene of pcyA from 
Bradyrhizobium sp. ORS 278 
N-terminal 
GST tag 
This study 
pGEX_pcyX_actino pGEX-6P-1 derivate containing a 
synthetic gene of pcyX from the 
uncultured actinobacterium SCGC 
AAA041-L13 obtained by single cell 
genomics 
N-terminal 
GST tag 
This study 
pGEX_pcyX pGEX-6P-1 derivate containing a 
synthetic gene of pcyX from marine 
metagenome (PcyX = EBK 42635 
from GOS scaffold 
JCVI_SCAF_1101668336406) 
N-terminal 
GST tag 
Donation of Oded 
Béjà, Technion Israel 
Institute of 
Technology 
Ledermann et al., 
2016 
pGEX_pcyX_optimizer pGEX-6P-1 derivate containing a 
synthetic gene of pcyX from marine 
metagenome (pcyX = EBK 42635 
from GOS scaffold 
JCVI_SCAF_1101668336406; adapted 
to the codon usage of E. coli. 
N-terminal 
GST tag 
Donation of Oded 
Béjà, Technion Israel 
Institute of 
Technology 
Ledermann et al., 
2016 
pGEX_pcyX_D55E Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis. 
N-terminal 
GST tag 
This study 
pGEX_pcyX_D55N Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pcyX_M67I Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
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pGEX_pcyX_H69Q Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pcyX_C71A Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pcyX_D86N Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pcyX_N198D Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pcyX_H200Q Derivate of pGEX_pcyX obtained by 
site-directed mutagenesis 
N-terminal 
GST tag 
This study 
pGEX_pebS pGEX-6P-3 derivate with a synthetic 
gene of pebS from P-SSM2 
N-terminal 
GST tag 
Dammeyer et al., 
2008a 
pGEX-petF-P-SSM2 pGEX-6P-3 derivate carrying a 
synthetic gene of the ferredoxin petF 
from the cyanophage P-SSM2 
N-terminal 
GST tag 
Dammeyer et al., 
2008a 
pGEX-petH pGEX derivate carrying a gene of petH 
from Synechococcus sp. PCC 7002 
N-terminal 
GST tag 
Lab stock 
Frankenberg-Dinkel 
pGro7 Chaperone plasmid carrying the genes 
encoding for groEL/groES 
 TaKaRa 
 
2.1.5 Oligonucleotides 
Oligonucleotides for the construction of expression vectors 
Table 8. Oligonucleotides for the construction of expression vectors. 
No. Primer Sequence 5’ – 3’ Construction of plasmid 
1 PcyX 45plus fwd GCG AAT TCA ATG ATT TGG GAA AGA C pASK_pcyX 
2 PcyX 45plus rev GCC TCG AGT TAT TTC AAG TAG GG pASK_pcyX 
3 ActPcyXEcofwd GTT TAC GAA TTC ATG AAT AGT GTG TGG 
GAT AG 
pGEX_pcyX_actino 
4 ActPcyXXhorev GAT ATC CTC GAG TTA CTT AAT TTC TGG 
AAA CAA AC 
pGEX_pcyX_actino 
5 BraPcyXEcofwd GTT TAC GAA TTC ATG AGT GAT GGG GAC G pGEX_pcyA_Brady 
6 BraPcyXXhorev GAT ATC CTC GAG TCA ATC GAC ATG CGC pGEX_pcyA_Brady 
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Oligonucleotides used for site-directed mutagenesis 
For reasons of clarity, only the forward primers are listed, as the reverse primers are 
complementary to them. The sites were the mutations were introduced are underlined. 
 
Table 9. Oligonucleotides used for site-directed mutagenesis generating different variants of 
pGEX_pcyX.  
No. Primer Sequence 5’ – 3’ Construction of plasmid 
1 PcyX D55E fwd GAA GAG CTC ATC TTG AGG TAG TTG ATG 
TTA GAG 
pGEX_pcyX_D55E 
2 PcyX D55N fwd GAA GAG CTC ATC TTA ACG TAG TTG ATG pGEX_pcyX_D55N 
3 PcyX M67I fwd GAA TCT AAA GGT CTT TGG ATA GCT CAT 
CTA TGT TTA TTT C 
pGEX_pcyX_M67I 
4 PcyX H69Q fwd CTA AAG GTC TTT GGA TGG CTC AAC TAT 
GTT TAT TTC CTA TGT TGA 
pGEX_pcyX_H69Q 
5 PcyX C71A fwd   CTT TGG  ATG GCT CAT CTA GCT TTA TTT 
CCT ATG TTG AC 
pGEX_pcyX_C71A 
6 PcyX D86N fwd CGA TTT ACG GTT TTA ATA TTA TTG CAG 
GTG 
pGEX_pcyX_D86N 
8 PcyX N198D fwd   GAA CAT CAA CAA AAG GAT CCT CAC ACG 
CCT AG 
pGEX_pcyX_N198D 
10 PcyX H200Q fwd CAA AAG AAT CCT CAA ACG CCT AGA GTT 
ATG 
pGEX_pcyX_H200Q 
2.2 Microbiological methods 
2.2.1 Culture media and supplements 
For the cultivation of E. coli Lysogeny Broth (LB)- and 2YT-medium with appropriate 
antibiotics and supplements was used. Solid media were prepared by the addition of 1.5 % 
(w/v) Agar Agar prior to sterilization. 
 
LB-medium (Lennox)     2YT-medium 
Tryptone 10 g/l     Tryptone 16 g/l 
Yeast extract 5 g/l     Yeast extract 10 g/l 
NaCl  5 g/l     NaCl   5 g/l 
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Table 10. Media supplements.  
Supplement Stock concentration Final concentration 
Ammonium ferric citrate 12 mg/ml 12 mg/l 
Ampicillin (Amp) 100 mg/ml 100 mg/l 
Anhydrotetracycline (AHT) 2 mg/ml 200 µg/l 
L(+)-Arabinose 100 mg/ml 1 g/l 
Chloramphenicol (Cm) 34 mg/ml  34 mg/l 
Riboflavin 400 µg/ml 10 µg/l 
Isopropyl-β-D-
thiogalactopyranoside (IPTG) 
1 M 0.5 – 1 mM 
2.2.2 Storage of E. coli cells 
E. coli cells were stored for longer periods as 40% (v/v) glycerol stocks at -80°C.  
2.2.3 Cultivation of E. coli cells 
For the preparation of pre-cultures 5 ml of LB-medium supplemented with the respective 
antibiotic (Table 10) was inoculated either with a single colony of a freshly transformed 
E. coli culture or with a glycerol stock. The pre-culture was incubated overnight under 
constant shaking at 170 rpm and 37°C (SM 30 CONTROL, Edmund Buehler). On the next 
day, the main-cultures were prepared by inoculating LB- or 2YT-medium containing the 
appropriate antibiotic 1:100 with the pre-culture. The cultures were incubated at 37°C and 
90 rpm (Innova®44, New Brunswick Scientific) to an OD578nm of ~ 0.4 – 0.6. Gene 
expression was induced after a construct specific reduction of the temperature.  
2.2.4 Determination of cell densities 
Cell densities in liquid cultures were determined by measuring the optical density at 578 nm 
using the cultivation medium as reference.  
2.2.5 Preparation of chemically competent E. coli cells  
For the preparation of chemically competent E. coli cells 70 ml LB-medium, supplemented 
with 5 mM MgCl2 and 5 mM MgSO4, were inoculated 1:100 with an overnight culture of the 
respective E. coli strain. The culture was grown at 37°C and 160 rpm to an OD578nm of ~ 0.4 
– 0.6. Then, 25 ml of the culture were pelleted by centrifugation for 10 min at 4000 rpm 
(Z32HK Hermle, rotor 12/032). The pellet was resuspended in 12.5 ml ice-cold TMF buffer 
and was incubated on ice for 1 h. After another centrifugation step (10 min, 4000 rpm, 
Z32HK Hermle, rotor 12/032), the cells were resuspended in a mixture of 2.5 ml TMF buffer 
and 750 µl glycerol. Afterwards, the cells were transferred in 200 µl aliquots into reaction 
tubes and were stored at -80°C prior to use. 
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TMF buffer 
CaCl2 100 mM 
MnCl2 40 mM 
RbCl2 50 mM 
2.2.6  Transformation of chemically competent E. coli cells 
For the transformation of chemically competent E.coli, the cells were thawed on ice and 
subsequently, 1 µl of plasmid DNA or 10 µl of a ligation reaction were added. Afterwards, 
the cells were incubated on ice for 30 min, followed by a heat shock for 2 min at 42°C. After 
the cells were chilled on ice for 2 min, 700 µl LB-medium were added and the cells were 
incubated for 1 h at 37°C and 180 rpm (SM 30 CONTROL, Edmund Buehler). Lastly, the 
cells were plated on selective LB-agar plates followed by an incubation overnight at 37°C. 
To create E. coli strains that carry two different plasmids, the cells were first transformed 
with one plasmid and chemically competent cells were prepared using the transformed 
cells. Then, the second plasmid was transferred into the cells by transformation.  
2.3  Molecular biological techniques 
2.3.1 Preparation of plasmid DNA 
Plasmid DNA was prepared from E. coli JM83. Therefore, a single colony of a freshly 
transformed E. coli culture was used to inoculate 5 ml LB medium containing the 
appropriate antibiotic. The culture was incubated overnight at 37°C and 180 rpm (SM 30 
CONTROL, Edmund Buehler). The plasmid DNA was prepared using the NucleoSpin® 
Plasmid EasyPure Kit (Macherey Nagel) according to the manufacturer’s instructions.  
2.3.2 Determination of the concentration of DNA in aqueous solution 
The concentration of DNA in aqueous solutions was determined by measuring the 
absorbance at 260 nm using a NanoDropTM Lite photometer (Thermo Fisher) and the 
corresponding software. The purity of the samples was determined by the comparison of 
the absorbance at 260 nm (A260) and 280 nm (A280). For double-stranded DNA an A260/A280 
ratio of ~ 1.8 – 2.0 was accepted as sufficiently pure. 
2.3.3 Agarose gel electrophoresis 
The separation of DNA fragments according to their size was achieved by agarose gel 
electrophoresis (Aaij and Borst, 1972). All agarose gels were prepared by dissolving 1% 
(w/v) of agarose in boiling 1x TAE buffer. After the solution had cooled down to ~ 60°C, the 
DNA stain GelRedTM was added to the solution (1:20000 (v/v)). The samples were mixed 
with 6x loading dye before loading. The separation was performed in 1x TAE buffer at a 
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constant current of 100 V. The DNA fragments were visualized by the fluorescence of the 
DNA-GelRed complex after excitation with UV light (312 nm). The size of the fragments was 
estimated by comparison with the GeneRulerTM DNA Ladder Mix (Thermo Fisher). 
 
TAE buffer (50x) 
Tris/acetate pH 8.0 2 M 
EDTA   50 mM 
2.3.4 Polymerase chain reaction 
The polymerase chain reaction (PCR) was used for the amplification of DNA fragments and 
for the specific introduction of restriction sites (Mullis and Faloona, 1987). To avoid 
mutations during the amplification process, all PCR reaction were carried out using the 
Phusion High-Fidelity DNA Polymerase (Thermo Fisher), as it possesses a 3’-5’ 
exonuclease proofreading activity.  
 
PCR-reaction 
Template    10 ng 
5x Phusion HF Buffer   10 µl 
dNTPs     0.2 mM each 
Forward Primer   0.5 µM 
Reverse Primer   0.5 µM 
Phusion HF DNA Polymerase 1 U 
H2O     ad 50 µl 
 
Table 11. PCR thermal-cycling program. 
Cycle step Temperature Duration 
 
Initial Denaturation 98°C 30 s 
 
Denaturation 98°C 10 s  
Annealing Primer specific 20 s                   30 cycles 
Elongation 72°C 30 s/kb  
Final Elongation 72°C 420 s  
 
2.3.5 Purification of PCR products  
PCR products were purified using the NucleoSpin® Gel and PCR Clean-up Kit (Macherey 
Nagel) according to manufacturer’s instructions.  
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2.3.6 Restriction of DNA 
Restriction of DNA was carried out using FastDigest enzymes (Thermo Fisher) in FD Green 
Buffer according to manufacturer’s instructions. Test restrictions were performed in a total 
volume of 10 µl for 20 min at 37°C. Preparative DNA digestion was achieved in bigger 
approaches up to a total volume of 50 µl with an incubation at 37°C for 45 min. If two 
different enzymes were needed for the restriction, the digestion was performed stepwise 
with a thermal inactivation for 5 min at 80°C in between. 
2.3.7 Gel extraction of DNA fragments 
Digested DNA was purified in an agarose gel electrophoresis and the corresponding band 
was cut out from the gel. The DNA was extracted using the NucleoSpin® Gel and PCR 
Clean-up Kit (Macherey Nagel) according to manufacturer’s instructions. 
2.3.8 Ligation of DNA fragments 
The ligation of DNA fragments was carried out by using T4 DNA Ligase (Thermo Fisher). 
For the ligation reaction 100 ng of vector DNA was incubated with a 3-fold molar excess of 
insert DNA. The reaction was performed in a total volume of 20 µl for 1 h at room 
temperature. The T4 DNA Ligase was inactivated for 5 min at 70°C prior to the 
transformation of the ligation product into chemically competent E. coli JM83 cells. 
 
Ligation reaction 
Vector DNA   100 ng 
Insert DNA   3-fold molar excess to vector 
10x T4 DNA Ligase buffer 2 µl 
T4 DNA Ligase   5 U 
H2O    ad 20 µl 
2.3.9 Construction of expression vectors 
For the expression of genes derived from metagenomics data, synthetic genes were cloned 
into vectors suitable for the overexpression in E. coli. The synthetic genes were obtained 
by ATUM (Newark, California). The appropriate restriction sites for the cloning of the genes 
into the vectors were introduced by PCR via the primers listed in Table 8. The obtained 
PCR products were cut with the corresponding restriction enzymes and ligated into the 
similarly cut vector. The ligation products were transformed into E. coli JM83. The cells were 
plated on selective agar plates and the obtained colonies were used for the inoculation of 
5 ml overnight cultures prepared in LB medium containing the respective antibiotic. The 
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overnight cultures were used for the preparation of plasmid DNA. The isolated plasmids 
were verified by DNA sequence analyses.  
2.3.10 DNA sequence analysis 
The sequences of isolated plasmid DNA were analyzed either at Eurofins Genomics 
(Ebersberg) or GATC Biotech (Konstanz). 
2.3.11 Site-directed mutagenesis 
Different variants of GST-tagged PcyX protein were created by site-directed mutagenesis. 
The introduction of specific mutations was performed via specific primers harboring either 
single or double base exchanges (Table 9). The corresponding plasmids were generated 
using the QuikChange Lightning Kit (Agilent) according to manufacturer’s instructions. The 
obtained constructs were sequenced prior to use. 
2.4 Protein biochemical and biophysical methods 
2.4.1 Production of recombinant proteins in E. coli 
The proteins used in this study were produced in E. coli BL21 (DE3). For the production of 
GST-PcyX and the corresponding variants, the cells were grown in 2YT-medium 
containing 100 mg/l ampicillin. For the production of all other proteins, the cells were grown 
in LB-medium containing appropriate selection markers (Table 10). For the expression of 
pGEX-petH or pET23a-pdR the medium was supplemented with 10 µg/l riboflavin. The 
main culture was inoculated 1:100 with an overnight culture of E. coli BL21 (DE3) carrying 
the respective plasmid. The cells were grown at 37°C under constant shaking at 90 rpm 
(Innova®44, New Brunswick Scientific) to an OD578nm of ~ 0.4 – 0.6. Before the induction, 
the cells carrying pCWori-pd were supplemented with 12 mg/l ammonium ferric citrate. After 
a temperature switch to 17°C (all pGEX- and pASK-derived constructs), or 20 °C (pET23a-
pdR and pCWori-pd) or 24°C (pET-cph1), the protein expression was induced by the 
addition of either IPTG (0.5 mM for all pGEX-derived constructs and pET23a-pdR or 1 mM 
pET-cph1, pET28a-KflaHY2 and pCWori-pd) or AHT (200 µg/l for all pASK constructs). 
After the induction, the cells were incubated overnight under constant shaking at 90 rpm. 
On the next morning the cells were harvested by centrifugation for 8 min at 17000 x g 
(Sorvall LYNX 6000 Centrifuge) and stored at -20°C. 
To improve the solubility of the PcyA_Brady protein, pGEX_pcyA_Brady was coexpressed 
with the chaperone plasmid pGro7. Therefore, the medium was supplemented with 60 mg/l 
ampicillin, 20 mg/l chloramphenicol and 1 g/l L-(+)-arabinose. Otherwise the expression 
conditions were similar to standard pGEX-derived constructs. 
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The ferredoxin PetF (i.e. FdP-SSM2) from the cyanophage P-SSM2 was produced as 
described previously (Dammeyer et al., 2008a). 
2.4.2 Protein purification  
Affinity chromatography of GST- and Strep-tagged proteins 
Prior to purification the cells containing the overproduced proteins were thawed overnight 
on ice. On the next morning, cells were resuspended either in ice-cold PBS (GST-tagged 
proteins) or in ice-cold Buffer W (Strep-tagged proteins). After the addition of a spatula tip 
of lysozyme and DNaseI, the suspension was chilled on ice for 30 min. The cells were lysed 
using a microfluidizer for three rounds at 18000 psi or by sonication using an ultrasonic 
homogenizer for 3x 2.5 min (cycle 6/10; ~ 60% power output; Bandelin UW 2200 with tip 
KE 76). To separate the soluble parts from the debris, the lysate was centrifuged for 45 min 
at 50000 x g (SorvallTM LYNXTM 6000 centrifuge) and filtered afterwards through a 0.45 µm 
syringe filter. The filtered lysate was passed through gravity flow columns packed with 
Protino® Glutathione Agarose 4B (equilibrated with PBS; GST-tagged proteins) or 
StrepTactin® sepharose® (equilibrated with Buffer W; Strep-tagged proteins). The columns 
were washed with 10 column volumes (CV) of ice-cold PBS (GST-tagged proteins) or ice-
cold Buffer W (Strep-tagged proteins). In the next step, the proteins were eluted with 3 CV 
of GST-elution buffer (GST-tagged proteins) or Buffer E (Strep-tagged proteins). After the 
success of the purification had been verified by SDS-PAGE, the protein containing fractions 
of Strep-tagged proteins were dialyzed overnight against the desired assay buffer.  
To rule out any influence of the tag on the activity of the protein, all GST-tagged proteins 
were treated with PreScission Protease before they were used in biochemical or biophysical 
experiments. The protease cleaves the fusion protein at a recognition sequence in the linker 
region between the GST tag and the protein of interest. Therefore, 5 µl PreScission 
Protease were added to 15 ml of eluted protein solution obtained by affinity 
chromatography. After a dialysis overnight against PreScission Protease cleavage buffer at 
4°C, the dialysate was transferred onto a second column packed with Protino® Glutathione 
Agarose 4B. The flow-through was collected and the protein was dialyzed against the 
desired assay buffer.  
The dialysate was concentrated using Vivaspin® 6 concentrators with a molecular weight 
cut off (MWCO) of 3000 Da or 10000 Da, depending on the size of the protein. The 
concentration of the purified protein was determined based on its absorbance at 280 nm. 
Extinction coefficients were calculated as described by Gill and von Hippel (Gill and von 
Hippel, 1989).  
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10x PBS buffer    GST-elution buffer 
NaCl  1.4 M  Tris/HCl pH 8.0 50 mM 
KCl  27 mM  Glutathione  10 mM 
Na2HPO4  100 mM 
KH2PO4  18 mM  
pH 7.4  
 
Buffer W    Buffer E 
Tris/HCl pH 8.0 100 mM Buffer W with 2.5 mM desthiobiotin 
NaCl   150 mM  
EDTA   1 mM   
 
PreScission Protease cleavage buffer 
Tris/HCl pH 7.5 50 mM 
NaCl   150 mM 
EDTA   1 mM 
DTT   1 mM 
For the protease treatment of proteins carrying [2Fe-2S]-clusters the buffer was prepared 
without EDTA. 
Affinity chromatography of His-tagged KflaHY2 
The His6-tagged KflaHY2 protein was purified by affinity chromatography using an Äkta pure 
system with a 1 ml HisTrapTM FF column. The pellets were thawed on ice and resuspended 
in “binding buffer”. After the addition of a spatula tip of DNaseI and lysozyme the suspension 
was kept on ice for 30 min. Afterwards, the cells were disrupted by sonication for 2 x 2.5 
min (Bandelin Sonopuls HD 2200; tip KE76; cycle 6/10; ≈ 60% power output) and 
centrifuged for 45 min at 50000 x g (SorvallTM LYNXTM 6000 centrifuge) and 4°C. The lysate 
was filtered using a 0.45 µm syringe filter and loaded onto a 1 ml HisTrapTM FF column at 
a flow rate of 1 ml/min. The column was washed with 10 CV of binding buffer and the protein 
was eluted applying a gradient from 0 – 100% “elution buffer” in 10 CV at a flow rate of 
1 ml/min. Protein containing fractions were pooled and dialyzed overnight against TES-KCl 
buffer. The dialysate was concentrated using Vivaspin® 6 concentrators with a MWCO of 
10000 Da. The concentration of the purified protein was determined based on its 
absorbance at 280 nm (Gill and von Hippel, 1989). 
Binding buffer    Elution buffer 
NaH2PO4 pH 7.4 20 mM  NaH2PO4 pH 7.4 20 mM 
Imidazole  30 mM  Imidazole  500 mM 
NaCl   500 mM NaCl   500 mM 
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TES-KCl buffer 
TES/KOH pH 7.5 25 mM 
KCl   100 mM 
Purification by anion exchange chromatography 
Putidaredoxin (Pd) and the corresponding putida redoxin reductase (PdR) were purified by 
anion exchange chromatography. Therefore, the cells overexpressing the respective 
constructs were thawed overnight on ice and were afterwards resuspended in “low salt 
buffer”. After the addition of a spatula tip of DNaseI and lysozyme, the cells were disrupted 
using a microfluidizer at 15000 psi. After a centrifugation step for 1 h at 50000 x g and 4°C 
(SorvallTM LYNXTM 6000 centrifuge), the lysate was filtered and applied to a 5 ml 
HiTrapTM DEAE FF column. The column was washed with 8 CV of “low salt buffer”. The 
protein of interest was eluted with a linear gradient to 50% “high salt buffer” in 20 CV. The 
fractions containing Pd or PdR were pooled and concentrated using Vivaspin® 6 
concentrators with a MWCO of either 10000 Da (PdR) or 3000 Da (Pd). To improve the 
purity, the proteins were further purified by size exclusion chromatography (SEC) using a 
Superdex75TM 10/300 GL column. Prior to use the column was equilibrated with TES-KCl 
buffer containing 15% (v/v) glycerol. The SEC was performed at a constant flow rate of 
1 ml/min. The fractions containing the respective proteins were pooled and concentrated. 
The concentration of the proteins was determined based on the absorbance of their 
cofactors.  
 
Low salt buffer   High salt buffer 
Tris/HCl pH 7.8 20 mM  Tris/HCl pH 7.8 20 mM 
NaCl   10 mM  NaCl   1 M 
 
TES-KCl (15% glycerol) 
TES/KOH pH 7.5 25 mM 
KCl   100 mM 
Glycerol  15% (v/v) 
2.4.3 SDS-polyacrylamide gel electrophoresis  
Proteins were separated and analyzed according to their molecular weight by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions in a 
discontinuous system according to Laemmli (Laemmli, 1970). This system comprises a 
stacking gel with an acrylamide concentration of 5.25% (pH 6.8) and a separation gel with 
an acrylamide concentration of 12.5% or 15% (pH 8.8). The negatively charged, denaturing 
detergent sodium dodecyl sulfate (SDS) binds proteins in a specific ratio of 1.4 g SDS/1 g 
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of protein. This leads to an almost constant mass:charge ratio and allows the separation of 
proteins in the electric field depending on their molecular weight. The samples were 
prepared by the addition of 4x loading dye and incubation for 5 min at 95°C prior to loading 
onto the gel. The electrophoresis was performed by applying a constant current of 200 V 
until the tracking dye reached the bottom of the gel. Afterwards, the proteins were visualized 
by incubation for 5 min under constant shaking with staining solution containing Coomassie 
Brilliant Blue G250. To enhance the contrast, the gels were discolored by shaking in 
destaining solution for additional 5 min. 
   
4x Stacking gel buffer    4x Separation gel buffer 
Tris/HCl pH 6.8 0.5 M       Tris/HCl pH 8.8 1.5 M 
SDS   0.4% (w/v)      SDS   0.4% (w/v) 
 
4x Loading dye         10x SDS-PAGE running buffer 
Tris   100 mM      Tris/HCl pH 8.8 250 mM 
SDS   8% (w/v)       Glycine  1,92 M 
Glycerol  40% (v/v)       SDS   1% (w/v) 
β-Mercaptoethanol 10% (v/v)      
Bromphenol blue 1% (w/v)    
 
Stacking gel 5.25% (4 mini gels)   Separating gel 12.5% (4 mini gels) 
Rotiphorese Gel 30  1.4 ml   Rotiphorese Gel 30  6.7 ml 
(30 % acrylamide, 0.8 % bis-acrylamide)  (30 % acrylamide, 0.8% bis-acrylamide) 
4x Stacking gel buffer 2 ml   4x Separating gel buffer 4 ml 
H2O    4.6 ml   H2O    5.3 ml 
APS (10% w/v)  30 µl   APS (10% w/v)  80 µl 
TEMED   20 µl   TEMED   8 µl  
 
Staining solution      
Acetic acid     10% (v/v) 
Ethanol     30% (v/v) 
Coomassie brilliant blue G250  0.25% (w/v) 
 
Destaining solution  
Acetic acid     10% (v/v) 
Ethanol     30% (v/v)  
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2.4.4 Immuno-staining of immobilized proteins (Western Blot) 
Western Blot analysis uses antibodies to specifically detect proteins in a sample after SDS-
PAGE and a transfer of the proteins onto a membrane (Towbin et al., 1979). Therefore, the 
protein samples were separated according to their molecular weight by SDS-PAGE and 
subsequently transferred onto a PVDF membrane using the semi-dry technique. Before the 
proteins were transferred, the gel was equilibrated for 5 min in Towbin transfer buffer and 
the membrane was activated by wetting with methanol. After the activation, the membrane 
was equilibrated in Towbin transfer buffer together with the gel and two blotting papers 
(Whatman; 3 mm). The blotting construction was set up as follows: The equilibrated gel and 
the membrane were placed between the two blotting papers and the sandwich was placed 
between the anode and the cathode of the blotting machine. The electroblotting was 
performed for 20 min at a constant current of 15 V. To saturate non-specific binding sites, 
the membrane was incubated under constant shaking in blocking solution overnight at 4°C. 
For the detection of GST-tagged proteins, the membrane was incubated with the primary 
antibody (diluted 1:20000 in blocking solution) for at least 1 h under constant shaking. In 
the next step, the membrane was washed three times for 5 min with PBS-T buffer, followed 
by the incubation with the second antibody (diluted 1:2000 in blocking solution) under 
constant shaking for 1 h. Subsequently, the membrane was washed three times with PBS-
T buffer and three times with PBS buffer. Afterwards, the secondary antibody-AP conjugate 
was detected by incubation with a BCIP/NBT detection solution in AP buffer. 
 
Towbin transfer buffer       10x PBS buffer 
Tris-base 25 mM       NaCl  1.4 M 
Glycine 192 mM    KCl  27 mM 
       Na2HPO4 100 mM 
       KH2PO4 18 mM  
       pH 7.4  
 
PBS-T buffer      Blocking solution 
1x PBS buffer      1x PBS-T buffer 
Tween-20 0.1% (v/v)   Albumin fraction V 3% (w/v)     
 
AP buffer      NBT solution 
Tris/HCl pH 9.5 100 mM    NBT  10% (w/v) in 70% DMF 
NaCl 100 mM    BCIP solution 
MgCl2 5 mM    BCIP  5% (w/v) in DMF 
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Detection solution 
1x AP buffer  
NBT solution 0.33% (v/v) 
BCIP solution 0.66% (v/v) 
2.4.5 Determination of protein and bilin concentrations 
The concentration of proteins purified by affinity chromatography was determined by their 
absorbance at 280 nm. The amino acids that contribute to the absorption at 280 nm are 
cysteine, tryptophan and tyrosine and therefore, the molar extinction coefficients of proteins 
can be calculated depending on their content of these amino acids as described by Gill and 
von Hippel according to the following formula (Gill and von Hippel, 1989): 
ε280 = (nTrp∙5690 + nTyr∙1280 + nCys∙120)M
-1
cm-1 
      nx = number of the amino acid per molecule of protein 
The concentration of the protein is then calculated in accordance to Lambert-Beer’s law: 
𝑐 =  
𝐴280
𝜀280
∙ 𝑑 
𝑐 =  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 
𝑚𝑜𝑙
𝑙
 
𝐴280  =  𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 280 𝑛𝑚 
𝜀280 = 𝑚𝑜𝑙𝑎𝑟 𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑎𝑡 280 𝑛𝑚 
𝑑 = 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑢𝑣𝑒𝑡𝑡𝑒 𝑖𝑛 𝑐𝑚 
The calculated extinction coefficients of the proteins examined in this study are given in the 
table below. The extinction coefficients of GST-tagged constructs were calculated for the 
proteins after protease treatment. 
 
Table 12. Molar extinction coefficients of the proteins examined in this study. 
Protein Extinction coefficient 280 [M-1 cm-1] 
HemO 35820 
PcyX 54600 
His6-KflaHY2 36116 
HY2 33418 
PcyA 27305 
PcyA_Brady 26720 
PcyX_actino 46470 
PebS 37485 
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Moreover, the concentrations of proteins carrying either [2Fe-2S]-clusters or flavin adenine 
dinucleotide (FAD) cofactors were determined using the corresponding extinction 
coefficients.  
[2Fe-2S]-cluster: 9.7 mM-1cm-1 (Shin and Oshino, 1978) 
FAD cofactor: 10.4 mM-1cm-1(Gunsalus and Wagner, 1978) 
 
The concentrations of BV and PB were determined by their absorption using the following 
extinction coefficients: 
BV in 2.5% HCl in MeOH: 32.6 mM-1cm-1 (Heirwegh et al., 1991) 
PB in 2% HCl in MeOH: 64.6  mM-1cm-1 (Terry et al., 1995) 
 
2.4.6 Size exclusion chromatography 
To determine the oligomerization state of affinity purified proteins, they were analyzed by 
size exclusion chromatography (Moore, 1964). SEC is a method that separates the analytes 
based on their hydrodynamic radius. For globular proteins, the hydrodynamic radius is 
directly related to their size. This allows a size determination by comparison of the elution 
volume of the protein of interest with the elution volumes of standard proteins. The SEC 
experiments were performed using an Äkta Pure FPLC-system with a SuperdexTM 75 
10/300 GL column. The column was equilibrated with TES-KCL buffer prior to use and the 
flow rate was set to 1 ml/min. The samples were transferred onto the column using a 500 µl 
loop. 
The calibration curve for the size determination was created by plotting the log of the MW 
of standard proteins against the quotient of the elution volume (Ve) and the void volume 
(V0). The calibration curve was calculated using a linear regression in Origin.  
The standards used for the calibration were: Conalbumin (MW = 75 kDa), albumin (MW = 
66 kDa), carbonic anhydrase (MW = 29 kDa) and cytochrome C (MW = 12.4 kDa). The void 
volume of the column was determined by the elution volume of Blue Dextran 2000 (MW 
~ 2000 kDa). All standards were obtained from Sigma-Aldrich. 
2.4.7 Heme oxygenase activity assays 
The activity of purified HOs was assayed in a HO activity test employing equimolar amounts 
of HO and hemin as the substrate. The electrons required for the reaction were supplied by 
an NADPH-regenerating system (NRS) based on glucose-6-phosphat (G6P) and glucose-
6-phosphate dehydrogenase (G6PDH). In this reaction, the oxidation of G6P to 6-
phosphogluconolactone simultaneously leads to a reduction of NADP+ to NADPH. NADPH 
itself is employed as cofactor by the enzyme ferredoxin-NADP+ reductase (FNR) that 
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catalyzes the reduction of oxidized ferredoxin (Fdox) to reduced ferredoxin (Fdred). Fdred 
serves as the electron donor for the HOs. In all assays ferredoxin from the cyanophage P-
SSM2 (FdP-SSM2) was used as the electron donor. The employed FNR was PetH from 
Synechococcus sp. PCC 7002. 
Initially, all components of the reaction mixture except for the HO:heme complex and the 
NRS were transferred into a quartz cuvette. After the HO:heme complex was added to the 
reaction mixture, the reaction was started by the addition of the NRS. The turnover was 
monitored by UV-Vis spectroscopy and spectra were recorded every 30 s. The total reaction 
time was 1.5 min and the reaction was stopped by the addition of 10 volumes of ice cold 
0.1% TFA. Afterwards, the samples were prepared for HPLC analyses. 
 
Standard reaction mix 
HO:heme complex 10 µM each 
BSA    0.15 mg/ml 
Ferredoxin  4.6 µM 
FNR    0.01 µM 
Ascorbate   5 mM 
Catalase   10 µM 
NRS    7.1 µl 
KPi buffer   ad 500 μl 
NADPH-regenerating system (NRS)    KPi buffer 
Glucose-6-phosphate   50 mM  K2HPO4 pH 7.2 100 mM 
Glucose-6-phosphate dehydrogenase 250 U/ml  
NADP+     12.5 mM 
2.4.8 Anaerobic FDBR activity assay 
The activity of purified FDBRs was tested under anaerobic conditions to stabilize and detect 
substrate radicals. The assays were performed employing equimolar amounts of FDBR and 
substrate. Residual oxygen in the reaction mixture was removed using an oxygen 
scavenging system employing glucose and glucose oxidase. The electrons for the reduction 
were supplied by an NADPH-regenerating system (NRS) based on glucose 6-phosphate 
and glucose 6-phoshate dehydrogenase. For assays with defined electron equivalents the 
NRS was replaced with a NADPH solution. For the transfer of electrons to the reductase, 
ferredoxin from cyanophage P-SSM2 (FdP-SSM2), ferredoxin from spinach (Fdspinach; Sigma-
Aldrich) or a ferredoxin from Pseudomonas putida (Pd) was employed. Fdspinach and FdP-
SSM2 were reduced by the FNR PetH from Synechococcus sp. PCC 7002, Pd was reduced 
by the corresponding Putidaredoxin reductase (PdR) from P. putida. 
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Firstly, all components of the reaction mixture, except for the FDBR:BV-complex and the 
NRS, were transferred into a gas-tight cuvette. To remove the oxygen from the reaction 
vessel, the mixture was incubated under constant stirring and a continuous nitrogen flow 
for 20 min. In the next step, the FDBR:BV-complex was added to the cuvette and the 
mixture was incubated for 5 min. The reaction was started by the addition of the NRS. The 
total reaction time varied between 2 and 30 min depending on the type of experiment. The 
reaction was monitored via UV-Vis spectroscopy and spectra were recorded every 30 s. 
The reaction was stopped by the addition of 10 volumes of ice-cold 0.1% TFA and the 
samples were prepared for subsequent HPLC analyses.  
Standard reaction mixture 
BSA 10 µM 
Glucose 100 mM 
Glucose oxidase 50 U/ml 
Catalase 5 µM 
Ferredoxin 1 - 20 µM 
FNR 0.01 – 0.02 µM 
FDBR:BV complex 10 µM each 
NRS 100 µl 
TES-KCl buffer ad 2 ml  
 
NADPH regenerating system     TES-KCl buffer 
NADP+ 8.2 mM  TES/KOH pH 7.5 25 mM 
Glucose 6-phosphate 65 mM  KCl   100 mM 
Glucose 6-phosphate dehydrogenase 11 U/ml  
 
2.4.9 HPLC analyses 
High performance liquid chromatography (HPLC) is a technique that separates analytes in 
a mixture depending on their polarity. A HPLC system comprises a stationary and a mobile 
phase that both possess different polarities. This causes a different partitioning of each 
analyte between the two phases. As a result, each compound of a mixture has a specific 
retention time on the stationary phase, leading to a separation. 
Sample preparation 
To separate the bilins from the non-polar components of the crude reaction mixture of the 
HO- and FDBR-assays, a solid phase extraction with Sep-Pak® C18 light cartridges was 
performed. Before the samples were loaded, the cartridges were conditioned by flushing 
them two times with the following solvents: 
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Acetonitrile 3 ml 
H2O 3 ml 
0.1% (v/v) TFA 3 ml 
10% (v/v) MeOH in 0.1% TFA 3 ml 
 
After the samples had been loaded, the cartridges were washed with 5 ml of 0.1% TFA, 
5 ml 20% MeOH in 0.1% TFA and 5 ml 20% acetonitrile in 0.1% TFA. The bilins were eluted 
with 1 ml acetonitrile and subsequently frozen at -80°C. In the next step, the samples were 
desiccated by lyophylization (Alpha 2-4 LSC plus, Martin Christ GmbH) for approximately 
24 h. After the samples had been dried, they were dissolved in 15 µl of DMSO and mixed 
with 200 µl of the mobile phase. After a filtration through a 0.2 µm PTFE filter the samples 
were ready for the application to the HPLC system. 
HPLC analyses of different bilins 
To identify the reaction products of the anaerobic bilin reductase, HPLC analyses were 
carried out with the reaction products of already characterized reductases employed as 
standards. Furthermore, separation by HPLC was used to purify bilins designated for further 
biochemical experiments. For the analyses an Agilent 1100 series HPLC system with a 
reversed-phase column (Phenomenex - Luna 5 µm C18 (2) 100A) as stationary phase was 
used. The mobile phase consisted of a mixture of 50% (v/v) 20 mM formic acid and 50% 
(v/v) acetone. The samples were applied to the system using a 200 µl sample loop. The 
elution was isocratic with a constant flow rate of 0.6 ml/min. The analytes were monitored 
using an UV-Vis detector at 380, 560 and 680 nm, as most bilins possess absorbance 
maxima at ~ 380 nm and in a range between 540 and 680 nm. To further characterize the 
separated compounds, peak absorbance spectra were recorded between 350 nm and 
800 nm. Compounds designated for further examinations were collected directly after the 
outlet of the UV-Vis detector, immediately frozen at -80°C, freeze-dried and stored at -80°C 
prior to use.  
 
HPLC mobile phase 
Acetone 50% (v/v) 
Formic acid (20 mM) 50% (v/v)  
2.4.10 Coupled phytochrome assembly assay 
Coupled phytochrome assembly assays were performed to characterize unknown bilins. 
The incubation of phytochromes with suitable chromophores leads to the formation of 
photoactive adducts (Terry and Lagarias, 1991). These adducts reveal characteristic 
difference spectra upon irradiation with red and far-red light. The comparison of the spectra 
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obtained with unknown bilins and the spectra obtained with known standards allow the 
identification of the unknown compounds. 
In vitro chromophore assembly of the phytochromes Cph1 and BphP with different bilins 
was carried out using the lysate of a pET-cph1 or a pASK-bphP overexpression after 
centrifugation and filtration. The assembly was tested employing 50 µl lysate incubated 
either with 40 µM PΦB or with 4 µl of bilin solutions of unknown concentration for 30 min at 
room temperature in the dark. Afterwards, the volume was adjusted to 500 µl with PBS. 
Absorbance spectra were recorded after incubation for 3 min with red light (636 nm – Pfr 
spectrum) and after incubation for 3 min with far red light (730 nm for Cph1; 750 nm for 
BphP – Pr spectrum). Difference spectra were calculated by the subtraction of the Pfr from 
the Pr spectrum. 
2.4.11 Freeze-quench EPR experiments 
The EPR-experiments were carried out in a cooperation with Antonio Pierik and Dominique 
Bechtel (Biochemistry group, TU Kaiserslautern). 
EPR is a technique to detect the presence of unpaired electrons in a sample. In an externally 
applied magnetic field, unpaired electrons can adopt two states with different energy levels. 
The difference in energy between these states is dependent on the strength of the applied 
magnetic field. The electrons can switch between these two states by either absorbing or 
emitting a photon that matches the energy difference between these two states. In the EPR 
spectrometer these photons are supplied by a microwave source. The frequency of the 
microwave source is typically kept constant during the experiments, while the strength of 
the magnetic field is varied. When the variable magnetic field leads to a difference between 
the two states equivalent to the supplied energy by the microwave, the electrons can absorb 
these photons, yielding a detectable signal.  
To investigate, whether substrate radical intermediates occur during the course of FDBR-
mediated reactions, freeze-quenched EPR experiments were conducted. Therefore, a 3 ml 
reaction mixture of an anaerobic FDBR-assay was set up. Samples with a volume of 200 µl 
were taken before and 2, 6 and 8 min after the start of the reaction. They were immediately 
transferred into a quartz EPR-tube and flash frozen in liquid nitrogen. The samples were 
analyzed using a Bruker Elexsys E580 spectrometer. The EPR measurements were carried 
out at a constant temperature of 77 K with a microwave frequency of 9.43 GHz, a field 
modulation amplitude of 10 G and a power of 20 µW. 
2.4.12 Crystallization and X-ray crystallography 
For the crystallization experiments, the GST-tagged ΦPcyX protein was produced as 
described in section 2.4.1. Crystallization experiments require extra-pure samples of the 
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respective proteins. Therefore, the purification process was slightly different compared to 
the purification of proteins employed in biochemical experiments. The cells were thawed 
overnight on ice and resuspended in ice-cold PBS buffer. After the addition of a spatula tip 
of lysozyme and DNaseI, the cells were lysed using a microfluidizer at 18000 psi. 
Subsequently, the lysate was centrifuged for 1 h at 50000 x g. To remove residual cell 
debris, the supernatant was filtered using a 0.45 µm syringe filter. Then, it was loaded onto 
a freshly prepared gravity flow column, packed with Protino® Glutathione Agarose 4B. The 
column was washed using 10 CV of ice cold PBS and 5 CV ice cold PreScission Protease 
cleavage buffer. In the next step, the column material was resuspended in 3 CV PreScission 
Protease cleavage buffer. After the addition of 30 µl PreScission Protease, the sample was 
digested under constant shaking for 20 h at 4°C. The suspension was transferred into a 
new gravity flow column and the flow-through was collected. To remove all residual GST 
tag, the flow-through was run through a freshly prepared gravity flow column packed with 
Protino® Glutathione Agarose 4B. The flow-through was collected and dialyzed overnight 
against “crystallization buffer”. The obtained dialysate was concentrated using Vivaspin® 6 
concentrators (MWCO = 10000 Da). To further purify the PcyX protein, a size exclusion 
chromatography using a SuperdexTM 75 16/600 pg column was performed. The column was 
equilibrated with crystallization buffer prior to use. Fractions containing only ΦPcyX protein 
were pooled and concentrated to 10 mg/ml in crystallization buffer. For the screening of 
PcyX crystallization conditions with bound substrate, the concentrated protein was 
supplemented with a 2-fold molar excess of BV. 
 
Crystallization buffer 
TES/KOH pH7.5 20 mM 
KCl   20 mM 
Screening for crystallization conditions 
The screening for crystallization conditions was performed in a collaboration with Eckhard 
Hoffmann and Johannes Sommerkamp (Protein Crystallography Group, Ruhr University 
Bochum) at the Ruhr University Bochum.  
Initial crystallization conditions were screened using the sitting drop vapor diffusion method. 
For the screening the following commercially available crystallization suites were employed: 
Cryos (Qiagen), JCSG Core I – IV (Qiagen), JCSG+ (Qiagen), MbClass (Qiagen), 
MemGold I & II (Molecular Dimensions), Morpheus (Molecular Dimensions), PACT 
(Qiagen), PEGs & PEGs II (Qiagen), Pi-PEG (Jena Bioscience). First, 100/100 nl mixtures 
of protein and reservoir solution were prepared in 96-well crystallization plates (Corning - 
3550) using a liquid handling robot (Phoenix, ArtRobins). The corresponding reservoir 
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contained 70 µl of the respective solution. The samples were incubated at either 18°C or 
4°C.  
Initial crystals were obtained in a 1/1 mixture of protein and reservoir containing 0.1 M 
Tris/HCl pH 8.5, 0.2 M Trimethylamine N-oxide (TMAO) and 20% (w/v) PEG MME 2000 
(JCSG+, G4, Qiagen) at 4°C. At 18°C no crystal growth was observed. The condition 
yielding the initial crystals served as the starting point for manual refinement screens. In 
these experiments the concentration of one component was kept stable, while the 
concentrations of the other two components were varied gradually. This led to the 
identification of 0.1 M Tris/HCl pH 8.5, 0.05 M TMAO and 15% (w/v) PEG MME 2000 as the 
best reservoir solution to grow PcyX crystals. 
The final crystals were grown using the “hanging drop method” with 1/1 µl mixtures of 
protein (10 mg/ml) and reservoir at 4°C in 24-well XRL plates. The wells were filled with 
700 µl reservoir solution. Before the crystals were frozen in liquid N2, they had been soaked 
in reservoir solution containing 20% (v/v) PEG 400 for cryoprotection.  
Data collection and structure determination 
The data collection was performed by Eckhard Hofmann and Johannes Sommerkamp 
(Protein Crystallography Group, Ruhr University Bochum). The structure was determined in 
a collaboration with Eckhard Hofmann and Johannes Sommerkamp.  
Oscillation data of the obtained PcyX crystals were recorded at a constant temperature of 
100 K on beamline ID30B at the European Synchrotron Radiation Facility (Grenoble, 
France) using a PILATUS 6M detector (DECTRIS) and a MiniKappa goniometer head 
(ARINAX). 
The X-rays that are diffracted by a protein crystal contain all information about the three 
dimensional organization of the atoms in the crystal lattice. They are defined by their 
amplitude and phase. As the information concerning the phase is lost during the detection, 
it needs to be recovered afterwards. There are multiple techniques to solve this problem. 
The most convenient is the determination of the phase by molecular replacement. This 
method uses already solved crystal structures of structurally similar proteins to solve the 
phase problem (Rossmann and Blow, 1962). This was not the suitable approach for the 
solution of the PcyX structure. Several attempts employing molecular replacement with 
PcyA and other FDBRs failed. For that reason, 15 low-dose datasets with different kappa 
orientations (0° - 140°) were collected at a long wavelength of 2.0664 Å. This wavelength 
is appropriate for experimental phasing by single-wavelength anomalous dispersion of 
sulfur atoms. The anomalous dispersions allows the localization of the sulfur atoms and 
based on this information, the phase can be calculated.  
The collected diffraction data were processed and scaled employing XDS and XSCALE 
(Kabsch, 2010). The phase problem was solved based on the experimental data using 
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Phenix.autosol (Adams et al., 2010). An initial model was built using Phenix.autobuild 
(Adams et al., 2010). The model was subsequently refined using Phenix.refine and Coot 
(Emsley and Cowtan, 2004; Adams et al., 2010). 
The final model was deposited in the PDB with the accession code 5OWG. 
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3 Results 
Metagenomics are a powerful tool for the discovery of novel enzymes. Yet, sequence 
analyses can only deliver hints regarding the activity of the putative enzymes. For this 
reason, the biochemical and biophysical properties of the gene products are characterized 
in the following paragraph.  
3.1 Characterization of HemO 
To analyze whether the hemO genes discovered on metagenomic scaffolds encode for 
functional enzymes, one member (termed HemO thereafter) was overproduced as GST-
fusion protein in E. coli. After purification by affinity chromatography, HO-activity tests were 
conducted with equimolar amounts of HemO and heme. Subsequently, the reaction 
products were analyzed via HPLC. 
The recombinant production of GST-HemO and the purification by affinity chromatography 
resulted in a protein with good purity but moderate yields (Figure 16). 
 
Figure 16. SDS-PAGE of a purification of GST-HemO by affinity chromatography. M =  Size marker – 
PageRulerTM Prestained (Thermo Fisher); L = Lysate; F = Flow-through fraction; W = Washing fraction. The 
elution fractions contain mostly GST-Hemo (MW = 50.6 kDa). 
 HemO catalyzes the reaction of heme to BV IX
The purified HemO protein was used in activity tests, employing heme as the substrate 
and FdP-SSM2 as the electron donor (Figure 17). Upon incubation with the substrate HemO 
formed a heme:heme oxygenase complex with a characteristic absorbance spectrum 
showing a clear Soret band at ~ 410 nm (designated as “heme” in Figure 17). The 
absorbance of the Soret band decreased immediately after the reaction was started, 
suggesting a turnover of heme. At the same time, the formation of biliverdin was indicated 
by an increase of the absorbance at ~ 350 nm and ~ 680 nm. Moreover, an absorbance 
maximum at ~ 645 nm became visible. After a total reaction time of 1.5 min no more 
changes in the absorbance were detected and thus, the reaction was stopped. 
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Figure 17. Time resolved UV-Vis spectroscopy of an in vitro turnover of heme mediated by HemO. The 
increment between the spectra is 30 s, the total reaction time is 1.5 min. The arrows indicate the course of the 
absorbance over the time. Heme = Soret band of heme. BV = Absorbance maxima related to the formation of 
biliverdin.  
The crude reaction mixture was then loaded onto a pre-conditioned Sep-Pak C18 cartridge 
which immediately turned green. This observation implies that the green pigment BV was 
formed out of heme during the course of the reaction. To identify the reaction product and 
to gain information about the regiospecificity of HemO, HPLC analyses were performed. 
The reaction products of HO3 from A. thaliana (BV IX) and HemO from P. aeruginosa (BV 
IX and BV IX) were used as standards. The comparison of the chromatograms showed 
that the HemO reaction product possesses the same retention time as the reaction 
product of HO3 from A. thaliana (~ 22.5 min Figure 18 A). Furthermore, the spectrum 
recorded at the peak maximum is typical for BV with absorbance maxima at approximately 
~ 380 nm and ~ 665 nm (Figure 18 B). 
 
Figure 18. Characterization of the HemO reaction products. A. HPLC analyses of the HemO reaction 
product employing the products of HO3 from A. thaliana (HO3 A. t.; BV IX) and HemO from P. aeruginosa 
(HemO P.a.; BV IX and BV IX) as standards. The products were analyzed using a reversed-phase 5 µm C18 
Luna column (Phenomenex) as stationary phase. The mobile phase consisted of 50% (v/v) acetone and 50% 
(v/v) 20 mM formic acid. The products were detected using their absorbance at 650 nm. B. Peak absorbance 
spectrum of the HemO reaction product with a retention time of ~ 22.5 min. 
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Hence, HemO cleaves heme at the -methine bridge yielding BV IX. Based on these 
results HemO possesses the typical activity of most of the characterized HOs and is 
involved in the formation of the substrate for the majority of the FDBRs. As a consequence, 
in the next part of the project a member of the newly discovered reductases was examined. 
3.2 Characterization of the PcyX-family 
To investigate, if the newly discovered pcyX sequences encode for functional FDBRs, one 
of the genes (termed pcyX thereafter) was heterologously expressed in E. coli BL21 
(DE3). The recombinant production of the protein was started with a pGEX-6P-1 construct 
harboring a pcyX sequence optimized for the codon-usage of E. coli using the “Optimizer” 
tool (Puigbo et al., 2007). The yield of soluble GST-PcyX fusion protein (MW = 54.7 kDa) 
after purification by affinity chromatography was low (Figure 19 A). Moreover, the protein 
did not show any activity in anaerobic FDBR-activity tests (data not shown). Several 
experiments were performed to optimize the production conditions. All of these approaches 
were carried out with pcyX sequences that were adapted to the E. coli codon usage. 
Unfortunately, all experiments failed to significantly improve the yield and the activity of the 
putative FDBR (optimization experiments conducted by Maximilian Klosowski, Master 
Thesis 2013, unpublished). These results led to the generation of a construct that employs 
the native DNA sequence obtained from the metagenomic dataset in the expression vector 
pGEX-6P-1. Interestingly, when this construct was used for the production of the GST-
PcyX fusion protein, the yield of soluble protein increased drastically compared to the 
vectors carrying the adapted genes (Figure 19). 
 
 
Figure 19. Comparison of the outcome of two overproduction and purification approaches of GST-
tagged PcyX. Both constructs were overexpressed in E. coli BL21 (DE3) in 9 l 2YT medium. Purification and 
sampling were performed in the same way in both experiments. M =  Size marker – PageRulerTM Prestained 
(Thermo Fisher); L = Lysate; F = Flow-through; W = Washing fraction A. SDS-PAGE of the purification of GST-
PcyX recombinantly produced in 9 l 2YT medium using a sequence optimized for the E. coli codon-usage. B. 
SDS-PAGE of the purification of GST-PcyX recombinantly produced in 9 l 2YT medium using the native 
sequence. 
3.2.1 Determination of the oligomeric state 
All investigated members of the FDBR-family were shown to act as monomeric enzymes. 
To investigate whether this is also true for the new PcyX reductases, analytical size 
exclusion chromatography experiments were performed. Before the protein was employed 
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in these experiments, the GST-tag was removed by protease treatment and the product 
was further purified employing a second glutathione affinity chromatography (Figure 20 A; 
lane 1, lane 2 and lane 3). The purified protein was analyzed on a Superdex® 75 10/300 
GL column (GE Healthcare) and showed an elution volume of ~ 11.65 ml (Figure 20 B). 
Based on the calibration curve, (Figure 20 C) this corresponds to a relative MW of ~ 32.9 
kDa. The calculated molecular weight of the protein is ~ 28.3 kDa. Hence, the purified 
PcyX is also present as a monomer and the minor peaks eluting at smaller volumes are 
most likely caused by impurities of the sample (see Figure 20 A, lane 3).  
 
Figure 20. Protease digest and determination of the oligomeric state of PcyX. A. SDS-PAGE showing 
the digestion of the purified GST-PcyX fusion protein with PreScission Protease and the subsequent 
purification by a second affinity chromatography. 1 = Elution fraction of a purification by affinity chromatography 
of GST-PcyX (MW = 54.7 kDa). 2 = Sample shown in lane 1 after protease digest. 3 = Sample shown in lane 
2 after additional purification using glutathione agarose to remove the cleaved GST-tag and undigested fusion 
protein. B. Size exclusion chromatography with purified PcyX protein. The experiment was performed with a 
Superdex® 75 10/300 GL column equilibrated with TES-KCl buffer pH 7.5 and purified PcyX after protease 
digest and purification with a second affinity chromatography. Eluting proteins were detected using their 
absorbance at 280 nm. C. Calibration curve of the Superdex® 75 10/300 GL column. The standards used for 
calibration were: Conalbumin (MW = 75 kDa), albumin (MW = 66 kDa), carbonic anhydrase (MW = 29 kDa) and 
cytochrome C (MW = 12.4 kDa). The void volume of the column was determined using Blue Dextran 2000. The 
column was calibrated by plotting (black squares) the log of the MW (log MW) of the standards against the 
quotient of the elution volume and the void volume (Ve/V0). The calibration curve was calculated using a linear 
regression in Origin. The red square shows the position of PcyX in the calibration plot. 
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3.2.2 Analysis of the PcyX-activity and characterization of the reaction products 
To gain insights into the catalytic activity of PcyX, anaerobic FBDR-assays were 
performed using equimolar amounts of PcyX and BV.  
 
Figure 21. Activity testing and characterization of the PcyX reaction products. A. Time-resolved UV-Vis 
spectroscopy of an anaerobic activity test employing PcyX and BV IX as the substrate. The total reaction 
time was 30 min. Spectra were recorded every 30 s. For reasons of clarity the increment between the shown 
spectra is 2 min. The arrows indicate the course of the absorbance during the reaction. BV = Initial spectrum of 
the PcyX:BV complex before the reaction was started. Asterisks indicate the formation of radical intermediates. 
DHBV and PEB mark absorbance maxima related to the formation of 15,16-DHBV and PEB. B. HPLC analyses 
of the reaction products of PcyX. The analyses were carried out using a Luna 5 µm reversed phase C18 
column (Phenomenex) as stationary phase. The mobile phase consisted of a mixture of 50% (v/v) acetone and 
50% (v/v) 20 mM formic acid. The PcyX products were identified at a wavelength of 560 nm employing the 
products of PebS as standards. 
The incubation of PcyX with the substrate led to the formation of a stable, turquoise 
PcyX:BV complex with an absorbance maximum at ~ 645 nm (see initial spectrum 
designated as “BV” in Figure 21 A). After the reaction was started by the addition of a 
NADPH-regenerating system (i.e. electrons from NADPH), the absorbance of the complex 
declined rapidly. Simultaneously, the absorbance at ~ 560 nm increased which can be 
linked to the formation of 15,16-DHBV from BV. During later stages of the reaction, a shift 
of the absorbance from 560 nm to 540 nm was observed which is most likely due to the 
formation of PEB from 15,16-DHBV. Moreover, a rapid increase of the absorbance at 
450 nm and 750 nm was visible during the initial phases of the activity test. These 
absorbance maxima subsequently disappeared and can be linked to the presence of 
substrate radical intermediates, as it was described for other FDBRs (Tu et al., 2008; Busch 
et al., 2011b). Based on the time-resolved UV-Vis spectroscopy, PcyX seems to catalyze 
the reaction of BV to PEB via the intermediate 15,16-DHBV employing a radical mechanism. 
To verify the nature of the compounds, HPLC analyses were performed with the reaction 
products of the anaerobic activity tests (Figure 21 B).The PebS reaction products 15,16-
DHBV as well as 3(E)- and 3(Z)-PEB served as standards. The HPLC analyses confirmed 
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the findings of the UV-Vis spectroscopy and proved that PcyX yields 15,16-DHBV and 
3(E)- and 3(Z)-PEB. Hence, PcyX and PebS catalyze the same reaction. However, in the 
PcyX-mediated reaction a significant amount of the intermediate 15,16-DHBV is still 
present after a total reaction time of 30 min. In comparison, the reaction products of PebS 
only comprise traces of 15,16-DHBV after a reaction time of 10 min. These results indicate 
that the reaction rate is slower compared to the PebS-mediated reaction. Besides, it seems 
that the rate-limiting step of the PcyX reaction is the second reduction from 15,16-DHBV 
to PEB.  
To rule out any influence of the purification system on the reaction rate, the experiments 
were repeated using a Strep-tagged PcyX protein. Yet, the velocity of the reaction as well 
as the reaction products were the same as for the GST-tagged construct (data not shown). 
3.2.3 The reaction proceeds via a substrate radical 
The time-resolved UV-Vis spectroscopy of the PcyX activity assays revealed that 
intermediates with absorbance maxima at ~ 450 nm and ~ 750 nm occur in the course of 
the reaction. To clarify, whether these intermediates are substrate radicals, freeze-quench 
EPR spectroscopy experiments were carried out. For that, a 3 ml anaerobic FDBR-assay 
was prepared. Samples were taken before and 2, 6 and 8 min after the start of the reaction. 
Subsequent EPR-measurements showed that no paramagnetic species had been present 
before the reaction was started (Figure 22; t = 0 min). In contrast, 2 min after the addition 
of the NADPH-regenerating system a paramagnetic species giving an intensive EPR signal 
was detected. The signal intensity quickly decreased during the course of the reaction and 
the kinetic of the decay followed the decline of the absorbance at ~ 750 nm (see Figure 
21 A). 
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Figure 22. EPR measurements of substrate radicals occurring during the PcyX mediated reduction of 
BV. EPR spectroscopy experiments were conducted at 77 K, 20 µW power and a field modulation of 10 Gauss. 
Samples were taken before the start of the reaction as well as 2, 6 and 8 min after the addition of the NADPH-
regenerating system. The EPR experiments were conducted in a cooperation with Antonio Pierik and Dominique 
Bechtel (Biochemistry group - TU Kaiserslautern). 
Hence, the PcyX reaction proceeds via a radical mechanism as it has been described for 
other FDBRs (Tu et al., 2008; Busch et al., 2011b). 
3.2.4 The reaction rate is highly dependent on the redox partner 
The FDBR-assays employing the purified PcyX revealed that the turnover is rather slow 
compared to the PebS-mediated reaction of BV to PEB. In order to optimize the assay 
conditions and to investigate the influence of the electron donor on the reaction rate, several 
ferredoxin concentrations, as well as several types of ferredoxins were evaluated in 
anaerobic PcyX activity tests. The effect of the electron donor on the PEB formation was 
quantified by subsequent HPLC analyses comparing the peak areas of PEB and DHBV. 
The evaluation of the HPLC analyses showed that the raise of the FdP-SSM2 concentration 
from 1 µM to 4 µM led to an almost 9-fold increase of the PEB to DHBV ratio. Furthermore, 
the increase of the FdP-SSM2 concentration to 20 µM and the doubling of the FNR 
concentration to 0.02 µM led to a PEB to DHBV ratio that was 55-fold higher compared to 
the assay conducted with 1 µM FdP-SSM2. Another possible influence on the reaction rate is 
the compatibility of the electron donor to PcyX. Thus, activity assays using a [2Fe-2S]-
ferredoxin from Spinacia oleracea (Fdspinach), as well as a vertebrate-like [2Fe-2S]-ferredoxin 
from Pseudomonas putida (putidaredoxin; Pd) were conducted. The concentration of the 
ferredoxins was set to 4 µM and in the assays with Pd the FNR from Synechococcus sp. 
PCC7002 was replaced with the corresponding reductase from P. putida (putidaredoxin 
reductase; PdR). The subsequent analyses of the HPLC data (Figure 23) showed that the 
PEB to DHBV ratio decreased by almost 50% when Fdspinach was used instead of FdP-SSM2. 
Additionally, in the assays employing Pd and PdR, no PEB formation was visible in neither 
the time-resolved UV-Vis spectroscopy, nor the HPLC analyses. After a total reaction time 
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of 30 min still large quantities of BV were detectable and only small amounts of 15,16-DHBV 
were visible in the chromatogram (Figure 23).  
 
 
Figure 23. HPLC analyses of the reaction products of anaerobic PcyX activity tests with different 
ferredoxins as electron donors. The analyses were performed with a Luna 5 µm reversed phase C18 column 
(Phenomenex) as stationary phase. The mobile phase consisted of a mixture of 50% (v/v) acetone and 50% 
(v/v) 20 mM formic acid. The products were detected at a wavelength of 560 nm. The single chromatograms 
are labeled with the employed electron donor. BV = Residual substrate. 
These findings underline the significance of the compatibility between the redox partners. 
Based on these results, the ferredoxin from the cyanophage P-SSM2 is thus far the most 
suitable electron donor for PcyX. 
3.2.5 Several side products occur under the chosen assay conditions 
A closer inspection of the reaction products of the PcyX-mediated in vitro reaction of BV 
to PEB revealed several other products in addition to 15,16-DHBV and 3(E)- and 3(Z)-PEB. 
These products were mostly visible in the 380 nm and 680 nm channels of the UV-Vis 
detector, when large amounts of the PcyX reaction products were analyzed on the HPLC 
system (680 nm channel shown in Figure 24 A). 
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Figure 24. HPLC analyses of side products and subsequent coupled phytochrome assembly assays. 
A.  HPLC analyses of side products in the PcyX-mediated turnover of BV. The analyses were conducted with 
a Luna 5 µm reversed phase C18 column (Phenomenex) as stationary phase. The mobile phase consisted of a 
mixture of 50% (v/v) acetone and 50% (v/v) 20 mM formic acid. The products were monitored at a wavelength 
of 680 nm. The outcome of an anaerobic turnover of BV mediated by HY2 from A. thaliana served as standards. 
* = Impurity of the BV stock; + = Unknown compound. B. Difference spectrum of a coupled phytochrome 
assembly assay using Cph1 and the isolated side product of PcyX with a retention time of ~ 29 min. 
C.  Difference spectrum of a coupled phytochrome assembly assay employing Cph1 and 3(Z)-PB. The 
calculated difference spectra were smoothed using a 25 point Savitzky-Golay filter. 
The compound with a retention time of ~ 18.5 min (labeled with an asterisk in Figure 24 A) 
was identified as an impurity of the BV IX stock. Unfortunately, the nature of the product 
eluting after ~ 9.5 min (marked with a cross in Figure 24 A; designated as “Product 9.5 min”) 
was not revealed and therefore, remains enigmatic. The retention time is almost identical 
to 15,16-DHBV (~9.8 min), but an assessment of the peak absorbance ruled out the 
possibility that it is in fact 15,16-DHBV. Further comparison of the PcyX side products with 
the products of other FDBRs revealed that one of the products elutes with the same 
retention time as 3(Z)-PB. To verify the nature of this product as 3(Z)-PB, it was isolated 
via HPLC, freeze-dried and employed in coupled phytochrome assembly assays with Cph1 
(Figure 24 B). This cyanobacterial phytochrome forms photoactive adducts with bilins that 
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possess an ethylidene group at their A-ring C31 and C32 atoms. Upon the incubation of 
these with red and far-red light, characteristic difference spectra can be calculated. As 
standard served 3(Z)-PB obtained from an anaerobic HY2 activity test (Figure 24 C). The 
conducted assays revealed that both compounds form photoactive adducts with Cph1. The 
calculated difference spectra showed both maxima (675 nm / 674 nm) and minima 
(722 nm / 717 nm) at approximately the same wavelengths. Together with the HPLC 
analyses, these results confirm that one of the side products of the PcyX-mediated 
reaction is 3(Z)-PB. 
To gain further insights into the PcyX-mediated reaction, product formation was analyzed 
via HPLC in a time-resolved manner. Therefore, an anaerobic PcyX activity test was 
performed in a total volume of 30 ml. Samples were taken every 3 min and were 
subsequently analyzed via HPLC. The course of the product formation was visualized by 
plotting the percentage of the peak area of the compounds in relation to the total peak area 
against the reaction time (Figure 25). 
 
 
Figure 25. Time-course experiment examining the product formation during the PcyX reaction based 
on HPLC data. In a 30 ml anaerobic PcyX activity test, every 3 min a 2 ml sample was taken, dried and 
subsequently analyzed via HPLC. The total reaction time was 30 min. The percentage of the total peak area for 
the single compounds was plotted against the reaction time. BV, 3(Z)-PB and “Product 9.5 min” were detected 
at 680 nm. 15,16-DHBV, as well as 3(E)- and 3(Z)-PEB were detected at 560 nm.  
The time-course experiments revealed that the amount of BV rapidly declined after the start 
of the reaction and was totally consumed after a reaction time of 15 min. In contrast, the 
amount of 15,16-DHBV increased until a reaction time of 6 min. Afterwards, the percentage 
of 15,16-DHBV decreased, as it was converted to PEB. Consequently, the two PEB isomers 
(i.e. 3(E)- and 3(Z)-PEB) were detected in reasonable amounts after a reaction time of 
6 min. From this point on, the peak area of these products increased until the reaction was 
stopped after 30 min. These results confirm the findings of the time-resolved UV-Vis 
spectroscopy (Figure 21 A). The side products (i.e. 3(Z)-PB and “Product 9.5 min”) of the 
PcyX-mediated reaction were immediately formed after the start of the reaction. Their 
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amount increased during the first 9 min of the assay and from then on remained stable. This 
result suggests that the formation of these products is directly linked to the abundance of 
BV in the reaction mixture. Moreover, the absolute peak areas of the compounds are 
approximately 20 times lower than the peak area of 3(Z)-PEB (~ 150 mAU*s vs 
~ 3000 mAU*s). These findings raise the hypothesis that the side products are artifacts of 
the in vitro assay conditions and are not relevant for the biological function of PcyX. 
3.2.6 The molecular structure of PcyX 
Although the sequence identity between the groups of PcyX and PebS reductases is rather 
low (~ 9% in the “core region”; Ledermann et al., 2016), both catalyze the same reaction. 
To acquire further information about the reaction mechanism underlying this unexpected 
turnover, the X-ray structure of PcyX was solved. The determination of an X-ray structure 
requires a single crystal of the respective protein. Moreover, for the screening of the 
adequate crystallization conditions extra pure PcyX was needed. Therefore, the GST-
tagged protein was purified via two affinity chromatography steps including an on-column 
protease treatment, followed by a size exclusion chromatography. Western Blot analyses 
were performed to rule out a contamination of PcyX with residual GST-tag (Figure 
26 A & B). The analyses revealed that no residual GST-tag was present after the affinity 
chromatography. The SDS-PAGE performed after the SEC revealed that the protein was 
purified to homogeneity (Figure 26 C).  
 
Figure 26. Preparation of PcyX for crystallization experiments. A. SDS-PAGE of the initial purification 
steps. B. Corresponding Western Blot analysis of the SDS-PAGE shown in (A) to detect residual GST-tag. SDS-
PAGE of PcyX after size exclusion chromatography. L = Lysate; F = Flow-through; W = Washing fraction; C1 
= Flow-through of the first affinity chromatography column after the on-column cleavage of the GST-tag. C2 = 
Flow-through of the second affinity chromatography column. C. SDS-PAGE of PcyX protein after preparative 
size exclusion chromatography. 
The screening for suitable crystallization conditions was performed using the sitting drop 
vapor diffusion method with 100/100 nl mixtures of protein and reservoir solution. The best 
initial crystals were obtained at 4°C with 0.1 M Tris/HCl pH 8.5, 0.2 M Trimethylamine N-
oxide (TMAO) and 20% (w/v) PEG MME 2000 as the reservoir solution (Figure 27 A; Qiagen 
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crystallization suite JCSG+, G4). In the next step, the crystallization conditions were refined 
by varying the pH value, the TMAO as well as the PEG MME 2000 concentrations. As a 
result, the final crystals were grown at 4°C in a 1/1 µl hanging drop with 0.1 M Tris/HCl 
pH 8.5, 0.05 M TMAO and 15% (w/v) PEG MME 2000 as the reservoir solution. The 
diffraction patterns for the acquired crystals were recorded at the “European Synchrotron 
Radiation Facility” (ESRF) using beamline ID30B. The data allowed the solution of a PcyX 
crystal structure with a resolution of 2.2 Å. 
 
Figure 27. Crystallized PcyX protein. A. Initial crystals obtained in the crystallization suite JCSG+ condition 
G4. B. PcyX crystal in a nylon loop mounted on the synchrotron beamline. The crosshair marks the region of 
the crystal on which the synchrotron radiation was focused. Scale bar: 50 µm. The data at the synchrotron were 
collected by Johannes Sommerkamp and Eckhard Hofmann (Protein Crystallography Group, Ruhr University 
Bochum). 
Several attempts to solve the phase problem by molecular replacement using crystal 
structures of other FDBRs as templates failed. Therefore, the crystallographic phase 
problem was solved by experimental phasing using the “single-wavelength anomalous 
dispersion of sulfur atoms” technique (Dauter et al., 1999). This led to the correct 
identification of the positions of 11 sulfur atoms. The initial model obtained by 
Phenix.autobuild (Adams et al., 2010) was incomplete and comprised 153 residues in 
10 fragments. Subsequently, the model was refined using Phenix.refine (Adams et al., 
2010) and Coot (Emsley and Cowtan, 2004). Nevertheless, 19 residues located at the N- 
and C-terminus, as well as the residues 62-63; 104-106; 116-147; 198-200 were not 
modeled due to missing or weak density. Statistics regarding data collection, phasing and 
model refinement are given in the table below. 
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Table 13. Data collection and refinement statistics for the PcyX dataset leading to the solution of the 
crystal structure. Data in parenthesis represent values for the highest resolution shell unless stated otherwise. 
The crystallization, data collection and the model refinement was performed in a cooperation with Eckhard 
Hofmann and Johannes Sommerkamp (Protein Crystallography Group; Ruhr University Bochum; modified after 
Ledermann et al., 2017b). 
 
Data collection  Phasing  
Beamline ESRF ID30B Resolution for phasing 
[Å] 
48.45 – 3.0 
No. of scaled datasets 15 Sulphur sites 11 
Resolution [Å] 48.45 2.2 (2.26 2.2) Figure of merit 0.352 
Cell parameters 
a, b, c [Å] 
α,  β,  γ 
 
78.71 78.71 68.87 
90° 90° 120° 
Refinement  
Space group P32 21 (No. 154) Rwork / Rfree 30.23% / 31.84% 
Wavelength 2.0664 Å Root mean square 
deviation bond length 
[Å] 
0.003 
No. of observations 2918724 (64988) Root mean square 
deviation angles [°] 
0.546 
No. of unique reflections 24230 (1787) Ramachandran favored 94.74% 
Completeness 100% (99.9%) Ramachandran outlier 0 
Multiplicity 120.459 (36.367) Mean isotropic B-factor 
(maximum) 
65.67 (116.17) 
Average I/ σ I 24.4 (0.51) No. of atoms (without 
riding hydrogens) 
 
CC(1/2) 100% (32.2%) Protein 1492 
Rsym 21.3% (324.3%) Water 13 
Rmeas 21.4% (328.9%) 
 
The solution of the structure revealed that PcyX adopts the typical sandwich fold, 
where a central antiparallel -sheet is flanked by -helices (Figure 28), like it has been 
described for several other FDBRs. 
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Figure 28. Overview of the solved PcyX X-ray structure. The structure of PcyX is shown in cartoon 
representation and is colored from blue (N-terminus) to red (C-terminus). Secondary structure elements are 
continuously numbered and labeled accordingly (H = helix; S = strand). Missing parts of the structure are 
indicated by dashed lines. The structure was solved in a cooperation with Eckhard Hofmann and Johannes 
Sommerkamp (Protein Crystallography Group, Ruhr University Bochum). The final model was deposited at the 
PDB with the accession code 5OWG. Adapted from Ledermann et al., 2017b. 
To identify the reasons for the gap in the PcyX structure between helix 3 and helix 4 
(residues 116-147), this part of the structure was compared with solved structures from 
other FDBRs. This assessment showed that the large missing part of the structure lies in a 
region, where for example, PcyA and PebS possess mostly a disordered loop with only 
short secondary structure elements. Hence, it is very likely that in PcyX this region is 
similarly folded and cannot be modeled due to different conformations present in the crystal, 
leading to a weak electron density. The gaps between strand 3/ strand 4 (residues 62 - 63) 
and strand 6/ helix 3 (residues 104 - 106) are obviously disordered loop regions connecting 
the secondary structure elements. The gap between helix 5 and helix 6 (residues 198 - 200) 
is also most likely a disordered loop. Interestingly, the same region was also not modeled 
in a substrate-free PebS structure (PDB 2VCL; Dammeyer et al., 2008b). Only upon the 
binding of the substrate, the region between the distal -helices could be modeled in PebS 
(PDB 2VCK;Dammeyer et al., 2008b). A remarkable difference of PcyX in comparison to 
other FDBRs is the orientation of the helix H6, a structural element of the substrate binding 
site. Homologs to this helix are tilted for approximately 30° in PebA, PebS and PcyA 
(Hagiwara et al., 2006b; Dammeyer et al., 2008b; Busch et al., 2011a). 
Insights into the binding pocket 
To gain insights into the structural arrangement within the substrate binding pocket, the 
PcyX model was superimposed with the crystal structure of the substrate-free form of 
PcyA (PDB 2DKE; Hagiwara et al., 2006b) from Synechocystis sp. PCC 6803 (Figure 29). 
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Figure 29. Overlay of the solved PcyX crystal structure with the substrate-free form of PcyA from 
Synechocystis sp. PCC 6803. Both structures are shown in cartoon representation. Important amino acid 
residues are shown as sticks and are labeled on the left for PcyA and on the right for PcyX. Not modeled 
residues (i.e. N198 in PcyX) are labeled in grey color. The PcyX structure is colored in salmon, PcyA (PDB 
2DKE; Hagiwara et al., 2006b) is shown in blue. 
The comparison revealed that both active sites share a high similarity. On the central -
sheet, the conserved, essential His/Asp pair (i.e. His88 and Asp105) of PcyA can be found 
at almost the same position in the PcyX structure. In conclusion, it is very likely that His69 
and Asp86 play the same crucial role in PcyX like in PcyA. The essential residue Glu76 
of PcyA is substituted by Asp55 in PcyX. This amino acid exchange maintains the ability 
to function as a proton donor via the carboxyl moiety. Nevertheless, it also reduces the 
flexibility of the side chain, which could lead to an increased distance to the substrate. The 
hydrophobic residue Ile86 in PcyA, located in close proximity to the BV D-ring (see Figure 
30 A), is replaced by Met67 in PcyX. Furthermore, PcyA possesses with Val90 a 
hydrophobic residue located next to the A-ring of BV that has been replaced with Cys71 in 
PcyX. As the distal side of the active site could not be modeled completely due to low 
electron density, the PcyX structure lacks the residues Asn198, Pro199 and His200 
located between the distal -helices.  
As mentioned in 1.2.4, BV can be bound in the active site in different conformations 
depending on the type of FDBR. In order to gain information about the substrate binding in 
PcyX, several attempts were undertaken to crystallize the FDBR in a complex with BV. 
No crystals were obtained in all of these experiments. Consequently, BV was manually 
positioned into the PcyX binding pocket (Figure 30 B), based on its conformation found in 
PcyA from Synechocystis sp. PCC 6803 (PDB 2D1E; Hagiwara et al., 2006b). The model 
was idealized to avoid stereochemical clashes by the application of harmonic restraints. 
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Because the active sites of both reductases are highly similar, only minor changes to the 
substrate free structure of PcyX were needed to harbor the substrate. An obvious 
difference is the orientation of the residue Asp86 which required to be rotated upon binding 
of the substrate, like it is described for PcyA (Hagiwara et al., 2006b). In this orientation, 
Asp86 is perfectly positioned to coordinate the nitrogen atoms of the BV pyrrole rings. 
Moreover, the binding of the substrate in PcyA leads to a rotary movement of the loop region 
between the distal -helices towards the binding pocket. The same rotary movement can 
be expected for the corresponding region in PcyX. Interestingly, this would position the 
potential proton donor His200 in close proximity to the substrate.  
 
Figure 30. Comparison of the substrate binding pockets of PcyX and PcyA with bound BV. A. Close-
up view of the active site of PcyA from Synechocystis sp. PCC 6803 (PDB 2D1E; Hagiwara et al., 2006a). B. 
Close-up view of the substrate binding pocket of PcyX with manually positioned substrate. For both reductases 
important amino acid residues are shown as sticks and are labeled accordingly. Residues that are not 
represented in the PcyX structure are labeled in grey. In both cases the substrate is shown as green sticks 
and the pyrrole rings are labeled from A to D. The substrate-bound model of PcyX was constructed in a 
cooperation with Eckhard Hofmann and Johannes Sommerkamp (Protein Crystallography Group, Ruhr 
University Bochum). 
3.2.7 Insights into the PcyX reaction mechanism 
Based on the solved PcyX structure and the model with the manually positioned substrate, 
several interesting amino acid residues that potentially play a direct role in the reaction 
mechanism were identified. These residues were further investigated with regard to their 
contribution to the PcyX activity by site-directed mutagenesis. The putative proton donor 
Asp55, a homolog to Glu76 in PcyA, was replaced with Asn55 creating the variant 
PcyX_D55N. Moreover, His69 and Asp86 are homologs to the conserved His-Asp pair of 
PcyA (i.e. His88 and Asp105) that was proven to be essential for the catalytic activity. Thus, 
His69 was exchanged with Gln69 (creating PcyX_H69Q) and Asp86 with Asn86 (creating 
PcyX_D86N) in accordance to experiments already performed for PcyA by Tu and 
coworkers (Tu et al., 2006). 
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All PcyX variants were produced and purified with yields comparable to the WT protein. 
To test the activity of the variants, they were employed in anaerobic FDBR assays. The 
incubation with the substrate revealed that all variants are still able to form complexes with 
BV, as the binding spectra were similar to WT (initial spectra marked as ”BV” in Figure 31). 
The variant PcyX_D55N displayed almost WT-like activity (Figure 31 B). Immediately after 
the start of the reaction, the BV absorbance decreased and furthermore, the formation and 
the decay of radical intermediates were observed. The product formation was comparable 
to WT PcyX. First, the formation of 15,16-DHBV with an absorbance maximum at 560 nm 
was visible. During later stages, this maximum shifted to shorter wavelengths due to the 
reduction of 15,16-DHBV to PEB. In contrast, the variant PcyX_H69Q (Figure 31 C) 
displayed a different activity compared to WT. After the reaction was started, the BV 
absorbance decreased and the formation of radical intermediates with absorbance maxima 
at 450 nm and 750 nm were detected. The decay of the absorbance caused by the radical 
species is drastically slower compared to WT, suggesting that the variant stabilizes a radical 
intermediate. During later stages of the reaction, the formation of 15,16-DHBV with an 
absorbance maximum at 560 nm was visible. In contrast to the assay employing the WT 
protein, this maximum did not shift to shorter wavelengths, indicating that the formation of 
PEB from 15,16-DHBV is impaired in the PcyX_H69Q variant. The activity tests with 
PcyX_D86N (Figure 31 D) showed that this variant of the PcyX protein is unable to form 
either 15,16-DHBV or PEB. Though the absorbance related to BV declined immediately 
after the assay was started, it rose again as the reaction proceeded. Furthermore, the 
absorbance at ~ 750 nm showed an unusual double peak, suggesting the formation of an 
atypical radical. The absorbance at ~ 450 nm quickly increased after the reaction was 
started and remained stable until the end. A possible reason for this observation could be 
the stabilization of a substrate radical intermediate.  
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Figure 31. Overview of time-resolved UV-Vis spectra of anaerobic FDBR activity tests. The assays were 
conducted with different variants of PcyX using equimolar amounts of BV as the substrate. A. PcyX_WT; 
B. PcyX_D55N; C. PcyX_H69A; D. PcyX_D86N. The total reaction time for each assay was 30 min and 
spectra were taken every 30 s. In order to maintain clarity, only the spectra of every 2 min are shown. The 
arrows indicate the course of the absorbance during the reaction. Radical intermediates are labeled with 
asterisks and peak absorbance related to a specific bilin are marked accordingly. Adapted from Ledermann et 
al., 2017b. 
Intensive studies of the solved X-ray structure highlighted several other residues that were 
suspected to be important for the catalytic activities of PcyX. Residue Met67 was selected 
for site-directed mutagenesis, as it is located close to the D-ring of BV (see Figure 30 B). 
Moreover, Hagiwara and coworkers were able to show that Ile86, the PcyA homolog to 
Met67, is essential for the activity of PcyA (Hagiwara et al., 2016). To investigate the role 
of Met67, it was exchanged with Ile67 creating the variant PcyX_M67I. Another residue 
that was chosen for site-directed mutagenesis experiments was Cys71. In the substrate 
bound model of PcyX (Figure 30 B) this residue is located in proximity of the A-ring of BV, 
the site where the second reduction takes place. To elucidate, if Cys71 has an influence on 
this reduction, it was replaced with an Ala residue generating the variant PcyX_C71A. 
Residue Asn198, located on the disordered loop between the distal -helices, was 
exchanged with Asp generating PcyX_N198D. This variant was constructed to 
reconstitute the PebS arrangement with an acidic residue on the distal side of the binding 
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pocket. His200 is also located on the non-modeled loop between helix 5 and helix 6. As this 
residue is a potential proton donor in close proximity to the substrate, it was exchanged with 
the non-protonating residue Gln, yielding the variant PcyX_H200Q. 
The FDBR assays showed that all variants except for PcyX_N198D showed BV binding 
spectra similar to WT, suggesting that they were correctly folded and able to form 
complexes with BV (Figure 32 A-D). The assays employing PcyX_M67I (Figure 32 A) 
revealed that the variant is still capable to facilitate the formation of radical intermediates 
with absorbance maxima at ~ 450 nm and 750 nm. Despite this fact, no product formation 
was observed during a reaction time of 30 min. The activity assay with the PcyX_C71A 
variant (Figure 32 B) revealed that it possesses almost WT-like activity. Hence, a direct 
involvement of Cys71 in the reduction of BV or 15,16-DHBV can be ruled out. The assays 
employing PcyX_N198D (Figure 32 C) showed that this variant is not able to form a 
characteristic BV complex with an absorbance maximum at ~ 660 nm. Nevertheless, UV-
Vis spectroscopy showed the formation of radicals, but no formation of 15,16-DHBV or PEB 
was detected. On the contrary, variant PcyX_H200Q (Figure 32 D) displayed a faster 
turnover compared to WT. The substrate radical absorbance at 450 nm and 750 nm rose 
and declined quickly. After a total reaction time of 30 min, a distinct PEB absorbance at 
~ 540 nm was visible. 
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Figure 32. Overview of time-resolved UV-Vis spectra of anaerobic FDBR activity tests performed with 
different variants of PcyX. The assays were carried out with equimolar amounts of reductase and substrate. 
A. PcyX_M67I; B. PcyX_C71A; C. PcyX_N198D; D. PcyX_H200Q. The total reaction time for each assay 
was 30 min, spectra were taken every 30 s. For reasons of clarity only the spectra of every 2 min are shown. 
The arrows indicate the course of the absorbance over the reaction time. Absorbance related to radical 
intermediates are labeled with asterisks and peak absorbance linked to a specific bilin are marked accordingly. 
Adapted from Ledermann et al., 2017b. 
The reaction products of the assays conducted with the different variants of PcyX were 
subsequently analyzed via HPLC. The relative activities of the variants were determined by 
comparing the ratio of the peak areas of 15,16-DHBV and BV after a reaction time of 10 
min in assays that were performed with 1 µM FdP-SSM2 as the electron donor. The ratio of 
the WT was set to 100%. The results of these examinations are summarized in Table 14 
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Table 14. Overview of the product formation and the activities of the examined PcyX variants. 
PcyX variants Activity (% of WT) Products 
WT 100 DHBV, PEB 
D55N 76 DHBV, PEB 
M67I 4 only radical intermediate; 
traces of DHBV 
H69Q 6 DHBV, traces of PEB 
C71A 38 DHBV, PEB 
D86N - - 
N198D - - 
H200Q 153 DHBV, PEB 
3.2.8 Biochemical characterization of PcyX_actino and PcyA_Brady 
To gain further insights into the catalytic activity of the PcyX-family, two other FDBRs were 
characterized: PcyX_actino, a member of the PcyX family, obtained by single-cell genomics 
on uncultured actinobacteria (WP_029636740) that is to date the most distant member of 
the PcyX-clade. The second enzyme is PcyA_Brady, a FDBR from Bradyrhizobium sp. 
ORS278, which groups between the PcyA- and the PcyX-group of reductases in the 
phylogenetic tree shown in Figure 15. 
Characterization of PcyX_actino 
PcyX_actino is the most distant member of the PcyX reductases in a phylogenetic tree. In 
order to find out, if this circumstance has an effect on the catalytic activity or the 
regiospecificity, the reductase was recombinantly produced in E. coli and subsequently 
purified by affinity chromatography (Figure 33 A). 
Activity of the purified protein was examined in anaerobic tests employing equimolar 
amounts of reductase and BV (Figure 33 B). The assays were performed using 20 µM FdP-
SSM2 as the electron donor, because initial tests with a concentration of 4 µM showed only a 
slow turnover of BV. The monitoring of the assays via time-resolved UV-Vis spectroscopy 
revealed that PcyX_actino formed a BV complex with an absorbance maximum at ~ 660 nm 
(Figure 33 – initial spectrum labeled with “BV”). Immediately after the reaction was started, 
the BV absorbance started to decrease. Furthermore, the formation and the decay of 
substrate radical intermediates with absorbance maxima at 450 nm and 750 nm were 
detected. After a reaction time of 2 min, the formation of a product with an absorbance 
maximum at ~ 545 nm was observed, which is most likely due to the formation of PEB. 
Subsequent HPLC analyses (Figure 33 C) with the reaction products of PebS as standards 
confirmed the results of the time-resolved UV-Vis spectroscopy. After a total reaction time 
of 30 min, PcyX-actino yields mostly 3(Z)-PEB, as well as traces of 3(E)-PEB and 15,16-
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DHBV. Hence, PcyX_actino possesses the same activity as PcyX and is therefore, a “true” 
PcyX reductase. 
 
Figure 33. Overview of the purification, activity assays and the characterization of the reaction products 
of PcyX_actino. A. SDS-PAGE showing a purification of GST-tagged PcyX_actino protein (MW = 52.7 kDa) 
followed by a digest with PreScission Protease. L = Lysate; F = Flow-through; W = Washing fraction; 1 = Elution 
fraction before protease digest; 2 = Elution fraction after digest with PreScission Protease (MW PcyX_actino 
without tag = 26.3 kDa). PageRulerTM Prestained Protein Ladder (Thermo Fisher) served as size standard. 
B. Time-resolved UV-Vis spectroscopy of an anaerobic activity test with equimolar amounts of PcyX_actino and 
BV. The total reaction time was 30 min and spectra were recorded every 30 s. For the first two minutes of the 
reaction every spectrum is shown, from that point on the increment between the spectra is 2 min. The course of 
the absorbance is marked with arrows. Radical intermediates are labeled with asterisks and peak absorbance 
related to a specific bilin is labeled accordingly. C. HPLC-analyses of the PcyX_actino reaction products using 
a Luna 5 µm reversed phase C18 column (Phenomenex) as stationary phase. The products were detected at a 
wavelength of 560 nm and the reaction products of an anaerobic activity test of PebS from the cyanophage P-
SSM2 served as standards. 
Characterization of PcyA_Brady 
In order to answer the question of the biochemical properties of PcyA_Brady, it was 
recombinantly produced in E. coli and subsequently purified by affinity chromatography 
(Figure 34 A). The catalytic activity of the purified protein was assayed in anaerobic tests 
using equimolar amounts of PcyA_Brady and BV (Figure 34 B). The activity tests revealed 
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that PcyA_Brady is an active FDBR. Interestingly, the initial spectrum of the assay showed 
not only an absorbance maximum related to a PcyA_Brady:BV complex (max ~ 660 nm; 
marked as “BV” in Figure 34 B), but also displayed an absorbance maximum at ~ 735 nm. 
This absorbance can be related to a protonated BV species (i.e. BVH+), as it has been 
described for PcyA (Tu et al., 2004). The absorbance of the BV complex rapidly declined 
after the reaction was started. Additionally, the formation and the decay of substrate radical 
intermediates with absorbance maxima at ~ 450 nm and ~ 750 nm was observed. During 
later stages of the reaction, the product formation became visible with a raise of the 
absorbance at ~ 650 and 715 nm. These absorbance characteristics are indicative for the 
formation of PCB, as the formation of PEB would lead to an absorbance with a maximum 
at shorter wavelengths. The products of the activity assay were subsequently analyzed via 
HPLC using the products of PcyA from Nostoc sp. PCC 7120 as standards. Comparison of 
the elution profiles of the reaction products showed that both reductases form 3(E)- and 
3(Z)-PCB as their reaction products. Therefore, PcyA_Brady is a typical PcyA reductase 
despite clustering outside the PcyA clade in the phylogenetic comparison of the FDBRs. 
This result confirms the findings of Jaubert and coworkers who already showed the 
formation of PCB by PcyA_Brady in an indirect setting (Jaubert et al., 2007). 
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Figure 34. Overview of the purification, activity assays and the characterization of the reaction products 
of PcyA_Brady. A. SDS-PAGE showing a typical purification of GST-tagged PcyA_Brady protein 
(MW = 55.1 kDa). L = Lysate; F = Flow-through; W = Washing fraction; 1 = Elution fraction before protease 
digest; 2 = Elution fraction after protease digest (MW PcyA_Brady without tag = 28.7 kDa). PageRulerTM 
Prestained Protein Ladder (Thermo Fisher) was used as size marker. B. Time-resolved UV-Vis spectroscopy of 
an anaerobic activity test with equimolar amounts of PcyA_Brady and BV. The total reaction time was 30 min 
and spectra were recorded every 30 s. For reasons of clarity the increment between the shown spectra is 2 min. 
The course of the absorbance is marked with arrows. Radical intermediates are labeled with asterisks and peak 
absorbance related to a specific bilin are marked accordingly. BVH+ symbolizes an absorbance most likely 
related to a protonated BV species. C. HPLC analyses of the PcyA_Brady reaction products using a Luna 5 µm 
reversed phase C18 column (Phenomenex) as stationary phase. The mobile phase consisted of a mixture of 
50% (v/v) acetone and 50% (v/v) 20 mM formic acid. The products were detected at a wavelength of 680 nm 
and the reaction products of an anaerobic activity test of PcyA from Nostoc sp. PCC 7120 served as standards. 
The investigations regarding the biochemical activity of PcyX_actino and PcyA_Brady 
unraveled that both are “true” members of either the PcyX- or the PcyA-reductases. Hence, 
their positioning in the phylogenetic tree shown in 1.6 was experimentally confirmed.  
3.3 Characterization of KflaHY2 
As highlighted in the section before, the examination of PcyX revealed that it possesses 
the same activity as PebS despite their low overall sequence identity (Ledermann et al., 
2016). This underlines the fact that the catalytic activity of FDBRs cannot solely be predicted 
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based on phylogenetic analyses. Another example for this circumstance is the FDBR 
KflaHY2 derived from the streptophyte alga Klebsormidium flaccidum (Rockwell et al., 
2017). Despite being phylogenetically a member of the HY2-family, this reductase was 
shown to be involved in the formation of the blue pigment PCB. This activity was 
demonstrated in an indirect system reconstituting the bilin biosynthesis and the attachment 
to a phytochrome in E. coli (Rockwell et al., 2017).  
To directly investigate the catalytic activity and to obtain more detailed insights into the 
mechanism of KflaHY2, it was recombinantly produced in E. coli with an N-terminal fusion 
to a His6-tag. It was purified via affinity chromatography using an Äkta Pure FPLC system 
with a 1 ml HisTrap FF column (Figure 35 A). The subsequently performed SDS-PAGE 
revealed that His6-KflaHY2 (MW = 36.1 kDa) was produced and purified in reasonable 
amounts to almost homogeneity (Figure 35 B). 
 
Figure 35. Purification of recombinantly produced His6-KflaHY2 fusion protein. A. Chromatogram of the 
purification by affinity chromatography performed on an Äkta Pure system using a 1 ml HisTrap FF column. 
B. SDS-PAGE showing the elution fractions of the His6-KflaHY2 purification. PageRulerTM Prestained Protein 
Ladder (Thermo Fisher) was used as size marker. 
3.3.1 Determination of the oligomerization state 
As described in chapter 1.2.4 all known members of the FDBR-family act as monomeric 
enzymes. To investigate, whether this is also true for KflaHY2, analytic size exclusion 
experiments employing the purified His6-KflaHY2 were performed. His6-KflaHY2 eluted at a 
volume of ~ 11.1 ml (Figure 36 A). Based on the calibration curve this corresponds to a 
relative MW of ~ 42.9 kDa (Figure 36 B). The slight difference between the calculated 
(36.1 kDa) and the determined MW is most likely related to the shape of the protein. 
Nevertheless, it can be concluded that KflaHY2 is present as a monomeric enzyme after 
purification.  
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Figure 36. Determination of the oligomerization state of purified His6-KflaHY2. A. Size exclusion 
chromatography with purified His6-KflaHY2 protein. The experiment was performed with a Superdex® 75 10/300 
GL equilibrated with TES buffer pH 7.5 and affinity chromatography purified His6-KflaHY2. Eluting proteins were 
detected using their absorbance at 280 nm. B. Calibration curve of the Superdex® 75 10/300 GL column. The 
standards used for calibration were: Conalbumin (MW = 75 kDa), albumin (MW = 66 kDa), carbonic anhydrase 
(MW = 29 kDa) and cytochrome C (MW = 12.4 kDa). The column was calibrated by plotting (black squares) the 
log of the MW (log MW) of the standards against the quotient of the elution volume and the void volume (Ve/V0). 
The calibration curve was calculated using a linear regression in Origin. The red square shows the position of 
His6-KflaHY2 in the calibration plot. 
3.3.2 KflaHY2 catalyzes the reduction of BV to PCB 
To clarify whether the unexpected outcome of the experiments performed by Rockwell and 
coworkers (Rockwell et al., 2017) is due to an intrinsic PcyA-like activity of KflaHY2, the 
activity of the purified protein was tested in anaerobic bilin reductase activity assays (Figure 
37). 
 
Figure 37. Time-resolved UV-Vis spectra of an anaerobic bilin reductase activity test of KflaHY2 and BV. 
The total reaction time was 5 min and spectra were recorded every 30 s. The course of the spectra is marked 
by arrows. Peak absorbance maxima are labeled with the corresponding bilin. 
The reductase and the substrate formed an intensive turquoise colored complex upon 
incubation with an absorbance maximum at ~ 622 nm (Figure 37; initial spectrum marked 
with “BV”). This observation implicates that the reductase was folded correctly, as it was 
able to bind BV. After the reaction was started, the BV absorbance declined instantly. 
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Interestingly, no substrate radical related absorbance maxima at 450 nm and 750 nm were 
visible in the UV-Vis spectra. Nevertheless, a rapid formation of a product with an 
absorbance maximum at ~ 670 nm was observed, which can be linked to the formation of 
PCB. Subsequent HPLC analyses employing the reaction products of PcyA as standards 
confirmed that KflaHY2 forms 3(Z)-PCB as the main reaction product (Figure 38). 
 
Figure 38. HPLC analyses of the reaction products of KflaHY2 with BV as substrate. The products were 
analyzed using a reversed-phase 5 µm C18 Luna column (Phenomenex) as stationary phase. The mobile phase 
consisted of 50% (v/v) acetone and 50% (v/v) 20 mM formic acid. Products of an anaerobic turnover of BV to 
PCB mediated by PcyA served as standards. 
3.3.3 Insights into the KflaHY2 reaction mechanism 
The next part of the project was the identification of the intermediates that are formed in the 
reaction mediated by KflaHY2. The intermediates were isolated using the products of an 
anaerobic bilin reductase activity test, conducted with one electron equivalent of NADPH. 
HPLC analyses of the products showed that KflaHY2 forms two intermediates during the 
reaction (Figure 39 marked as “Inter 1” and “Inter 2”). 
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Figure 39. HPLC analyses of the reaction products of an anaerobic activity tests employing equimolar 
amounts of KflaHY2 and BV with one electron equivalent of NADPH. Products were resolved using a 
reversed-phase 5 µm C18 Luna column (Phenomenex) as stationary phase and a mixture of 50% (v/v) acetone 
and 50% (v/v) 20 mM formic acid as mobile phase. The compounds were monitored at a wavelength of 680 nm. 
The products of an anaerobic turnover of BV to PB mediated by HY2 derived from A. thaliana were used as 
standards. 
The intermediates revealed the same retention times as the products 3(E)-PB (~ 19 min) 
and 3(Z)-PB (~ 27 min) of the reductase HY2 derived from A. thaliana. 
To clarify the nature of the intermediates identified by HPLC analyses, they were collected, 
freeze-dried and employed in coupled phytochrome assembly assays with the phytochrome 
Cph1 (Figure 40 A). Cph1 incubated with “Intermediate 1” did not produce a photoactive 
adduct, indicating that the A-ring of the intermediate does not possess an ethylidene group. 
Thus, no characteristic difference spectrum was obtained (Figure 40 A – blue curve).  
Incubation of Cph1 with “Intermediate 2” (Figure 40 A– red curve) led to a difference 
spectrum, like it was obtained for the incubation of Cph1 with 3(Z)-PB (Figure 40 A – 
yellow curve). These results, as well as the outcome of the HPLC analyses (Figure 39) 
indicate that “Intermediate 2” is 3(Z)-PB. 
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Figure 40. Difference spectra of coupled phytochrome assembly assays employing the intermediates of 
the KflaHY2 reaction. All calculated difference spectra were smoothed applying a 20 pt. Savitzky-Golay filter.A. 
Coupled phytochrome assembly assays employing apo-Cph1 and “Intermediate 1” (blue); apo-Cph1 and 
“Intermediate 2” (red); apo-Cph1 and 3(Z)-PB (yellow) B. Coupled phytochrome assembly assay employing 
apo-BphP and “Intermediate 1” (blue); apo-BphP and “Intermediate 2”  (red); apo-BphP and 181,182-DHBV 
(yellow). 
To identify “Intermediate 1”, coupled phytochrome assembly assays were conducted 
employing the bacterial phytochrome BphP from P. aeruginosa and the isolated 
intermediates. Interestingly, “Intermediate 1” formed a photoactive adduct with apo-BphP 
that possesses a difference spectrum (Figure 40 B – blue curve) similar to the difference 
spectrum obtained by the incubation of BphP with purified 181,182-DHBV (Figure 40 B – 
yellow curve). Moreover, “Intermediate 2” failed to form a photoactive adduct with apo-BphP 
(Figure 40 B – red curve). These results suggest that KflaHY2 forms both 181,182-DHBV 
and 3(Z)-PB as intermediates in the reduction of BV to PCB.  
In the next step of this study, investigations whether the intermediates are only artifacts of 
the in vitro assay, or if both are suitable as substrates were performed. Therefore, both 
compounds were tested as substrates for His6-KflaHY2 in anaerobic bilin reductase activity 
tests. Subsequent HPLC analyses revealed that KflaHY2 converts both, 181,182-DHBV and 
3(Z)-PB to mostly 3(Z)-PCB (Figure 41). 
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Figure 41. HPLC analyses of the reaction products of activity tests employing 3(Z)-PB and 181,182-
DHBV as substrates for KflaHY2. Products were analyzed using a 5 µm reversed-phase C18 Luna column 
(Phenomenex) as stationary phase. The mobile phase consisted of 50% (v/v) acetone and 50% (v/v) 20 mM 
formic acid. The compounds were monitored at a wavelength of 680 nm. Reaction products of a PcyA mediated 
reduction of BV to PCB were used as standards 
  
4   Discussion 
79 
4 Discussion 
The results of this study show that marine metagenomics are an important tool in the 
discovery of novel biocatalysts, as they proof that the newly found genes related to bilin 
biosynthesis actually encode for active enzymes. Nevertheless, it also turned out that the 
specific activity of the enzymes cannot solely be predicted based on phylogenetic analyses. 
Whereas the recently discovered member of the HO-family showed the expected turnover 
of heme to BV IX, the PcyX reductases revealed a surprising activity. Despite their 
similarity to the PcyA reductases, which catalyze the formation of PCB, they reduce BV to 
PEB via the intermediate 15,16-DHBV. Hence, they possess the same catalytic activity as 
PebS, another phage-derived FDBR. Moreover, the recombinant production and 
purification of KflaHY2 showed that it directly catalyzes the four-electron reduction from BV 
to PCB in vitro, confirming the results of the in vivo approaches performed by Rockwell and 
coworkers (Rockwell et al., 2017).  
4.1 Characterization of the novel bilin biosynthesis enzymes 
4.1.1 HemO - A “classic” heme oxygenase 
The activity assays employing recombinantly producedHemO revealed that it is an active 
HO, yielding BV IX. This bilin is accepted as substrate for all FDBRs except for PebB. This 
circumstance, as well as the fact that the discovered HO and FDBR genes are in most 
cases arranged in “mini-cassettes” on the genomic scaffolds of the metagenomics datasets, 
suggest that both enzymes act as a functional unit. Consequently, the next step in the 
course of this study was the biochemical characterization of a member of the PcyX 
subgroup of the FDBRs. 
4.1.2 PcyX - An enzyme with an unexpected activity 
The recombinant expression of the different variants of the pcyX genes in E. coli revealed 
an interesting phenomenon: The expression of synthetic genes that were optimized for the 
E. coli codon usage did not yield reasonable amounts of soluble PcyX protein. Moreover, 
the purified PcyX did not possess any activity in the performed assays. Unexpectedly, the 
overexpression of the native sequence like it is found on the metagenomics scaffold 
massively increased the yield of soluble protein. Additionally, the purified PcyX showed a 
turnover of BV in FDBR activity tests. One possible explanation for this phenomenon could 
be that the overexpression of an optimized sequence leads to a translation process that is 
too fast to allow the correct folding of the protein. The algorithms employed in the 
optimization process alter the sequence of the gene to avoid the usage of rare tRNAs in the 
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expression host (Puigbo et al., 2007). Therefore, they change the employed codons of the 
target gene so that they reflect the codon usage of the host (Gustafsson et al., 2004). As 
the speed of the translation process is codon dependent, the usage of an adapted sequence 
should theoretically improve protein production (Sorensen et al., 1989; Deng, 1997; Mitarai 
et al., 2008). On the other hand, proteins are folded while they are produced, a process that 
is called co-translational folding (Wruck et al., 2017). As a consequence, the codon 
composition of a gene has a direct influence on the efficiency of the protein folding (Yu et 
al., 2015). Obviously, for pcyX this results in massive differences in the solubility and the 
activity of the protein. In this case, the usage of a non-optimized sequence is highly 
beneficial and leads to an improved folding of the protein during the translation process. 
Improvements in the pcyX expression conditions allowed the biochemical characterization 
of the protein. The determination of the oligomerization state showed that after the 
purification process, PcyX is present as a monomeric enzyme, as it has been described 
for other FDBRs (Frankenberg and Lagarias, 2003). The anaerobic activity testing of the 
affinity purified protein revealed that PcyX catalyzes the reduction of BV to PEB via the 
intermediate 15,16-DHBV. Therefore, it possesses the same catalytic activity like PebS. 
This result was unexpected, as the PcyX reductases are closely related to the PcyA 
reductases and share only little sequence identity with PebS reductases (Ledermann et al., 
2016). For this reason, PcyX was expected to catalyze the reduction of BV to PCB via 
181,182-DHBV. These findings highlight the importance of actual biochemical assaying of 
enzymes derived from metagenomics data, as the activity of the proteins cannot only be 
predicted based on phylogenetic analyses. 
4.1.3 Comparison of essential, conserved amino acid residues among PcyX, PcyA 
and PebS 
The unexpected turnover catalyzed by PcyX raises the question, what actually determines 
the regiospecificity of a FDBR. A major factor is the presence of catalytically active amino 
acid residues in close proximity to the substrate. They are responsible for the site specific 
transfer of the protons involved in the reduction of BV. In order to highlight the differences 
between PcyX, PcyA and PebS, a multiple sequence alignment including several members 
of the reductases was constructed using the T-COFFEE webserver (Notredame et al., 2000; 
http://tcoffee.crg.cat/). The comparison of the conserved essential amino acid residues 
(Figure 42 Blue arrows – PcyA Synecocystis sp. PCC 6803 numbering; red arrow – PebS 
P-SSM2 numbering) shows that the PcyX reductases indeed are very similar to PcyA. The 
PcyX Asp55 is a homolog to the essential Glu76 in PcyA which was shown to be crucial for 
the reduction of BV to 181,182-DHBV (Tu et al., 2007). Moreover, PcyX possesses with 
His69 and Asp86 also the essential His88/Asp105 pair that is conserved among the PcyA 
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reductases (Tu et al., 2006). In contrast, His88 is replaced by Asn88 in PebS. Additionally, 
PcyX lacks an acidic homolog to Asp206, a proton donor on the distal -helices that was 
shown to be critical for the second reduction from 15,16-DHBV to PEB in PebS (Busch et 
al., 2011b).  
 
Figure 42. Excerpt of an alignment of different PcyX, PcyA and PebS reductases. The alignment was 
constructed using the T-COFFEE webserver (http://tcoffee.crg.cat/) and visualized using the BoxShade server 
(https://www.ch.embnet.org/software/BOX_form.html). The amino acid residues that were shown to be essential 
for the activities of either PcyA or PebS are marked with arrows and are labeled accordingly. Blue arrows = PcyA 
from Synechocystis sp. PCC 6803 numbering; red arrow = PebS from P-SSM2 numbering. The reductases 
employed for the constructions are: PcyX = PcyX = PcyX_EBK42635 - GOS_8734801; PcyX_actino = PcyX 
from single cell genomics actinobacterium SCGC AAA041 L13; PcyX_EBQ = PcyX_ EBQ35476 - 
GOS_7763903; PcyX_ECK = PcyX_ECK49855 - GOS_3623672; PcyA_Brady = PcyX from Bradyrhizobium sp. 
ORS 278; PcyA_Nos = PcyA from Nostoc sp. PCC 7120; PcyA_Syn= PcyA from Synechocystis sp. PCC 6803; 
PcyA_Pro =  PcyA from Prochlorococcus marinus; PebS_P-SSM2 = PebS from the Prochlorococcus phage P-
SSM2; PebS_P-HM1 = PebS from the Prochlorococcus phage P-HM1. 
Based on sequence alignments, as well as a comparisons of the solved PcyX crystal 
structure with a PcyA structure, different variants of PcyX were chosen to be constructed. 
Overexpression and subsequent biochemical characterization allow the following 
assumptions. 
PcyX and PcyA act via different mechanisms 
The analyses regarding the activities of the variants showed that Asp55, the homolog to the 
PcyA Glu76, is not involved in the first reduction from BV to DHBV. In PcyA this residue 
was shown to be essential for the reduction of the D-ring exovinyl group, as the 
corresponding PcyA_E76Q variant only yielded PB (Tu et al., 2007). In contrast to these 
findings, the PcyX_D55N variant displays WT-like activity, yielding 15,16-DHBV and PEB 
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(Figure 31 B). Consequently, it can be ruled out that Asp55 in PcyX fulfills the same role 
as Glu76 in PcyA. One possible explanation for this effect could be the shorter length and 
the reduced flexibility of the Asp55 side chain compared to the Glu residue. This could 
increase the distance between the carboxyl moiety and the substrate, preventing a proton 
transfer onto the substrate. In order to investigate this circumstance and to eventually create 
a PcyX that has a PcyA-like activity, the variant PcyX_D55E was generated. 
Unfortunately, the purified PcyX_D55E protein was relatively unstable compared to the 
WT protein. Nevertheless, a preliminary activity test and subsequent HPLC analyses 
showed that the variant still forms PEB (data not shown). Therefore, it can be concluded 
that the different regiospecificity of the first reduction in PcyX and PcyA is not only based 
on the exchange of a single amino acid.  
His69 and Asp86 are critical for the activity 
The FDBR assays employing the variants PcyX_H69Q and PcyX_D86N unraveled that 
this conserved His-Asp pair plays also an essential role for the activity of PcyX (Figure 
31  C & D). The exchange of His69 with Gln69 leads to an enzyme that is still able to form 
15,16-DHBV. Hence, His69 is not directly involved in the first reduction step. Yet, the 
formation of 15,16-DHBV proceeds very slow, as the variant stabilzes a radical 
intermediate. Thus, His69 might be involved in a proton transport chain to Asp86. The 
variant PcyX_D86N is not capable to form either 15,16-DHBV or PEB. As PcyX_D86N 
is still able to facilitate an electron transfer onto the substrate, but fails to produce a reduced 
product, it is very likely that Asp86 is a protonating residue in the PcyX reaction. Moreover, 
the differences in the substrate radical-related absorbance at ~ 450 nm and ~ 750 nm 
compared to WT also support this suggestion. Interestingly, the same can be observed for 
the corresponding PcyA_D105N variant (Tu et al., 2006). 
PcyX lacks a proton donor on the distal helices 
n contrast to the PebS reductases, PcyX does not possess an obvious acidic proton donor 
on the distal side of the active site (Figure 42). The only residue that could be involved in 
the donation of a proton from this side of the binding pocket is His200. This hypothesis can 
be ruled out, as the variant PcyX_H200Q led to an enzyme that actually showed a faster 
turnover compared to WT (Figure 32 D). This unexpected result is probably caused by an 
improved electron transfer from the ferredoxin onto the bilin. A reason for this could be a 
better hydrogen bonding network to the substrate or an increase in the affinity of the 
ferredoxin and the FDBR. In order to reconstitute the PebS-like arrangement with an acidic 
amino acid residue located on one of the -helices, PcyX_N198D was created. This 
variant is able to facilitate an electron transfer to BV, as it accumulates a radical intermediate 
but no product formation was observed (Figure 32 C). A possible explanation is that Asn198 
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is involved in the coordination of BV in the binding pocket. Therefore, the exchange with 
Asp198 might result in a wrong positioning of the substrate in the active site. 
Met67 is critical for the PcyX activity 
The activity tests employing the variant PcyX_M67I exposed that Met67 is crucial for the 
activity of PcyX (Figure 32 A). The variant is still able to transfer an electron onto the 
substrate, as the formation of radical intermediates were visible in the time-resolved UV-Vis 
spectroscopy. Nevertheless, the variant is not capable to facilitate the transfer of a second 
electron, leading to the formation of 15,16-DHBV. A possible explanation for this is the fact 
that the exchange of Met67 with Ile67 alters the hydrogen bonding network of the residues 
or water molecules that are involved in the proton transfer onto the bilin. Interestingly, the 
corresponding PcyA variant PcyA_I86D has lost all of its activity (Hagiwara et al., 2016). 
The PcyA_I86D crystal structure revealed a reduced flexibility of Asp105 which is thought 
to be an important feature of this residue in the catalytic cycle of PcyA (Unno et al., 2015; 
Hagiwara et al., 2016). As a consequence, it can be concluded that the catalytic activity is 
not only determined by the presence or absence of amino acids with reactive side chains. 
Moreover, the interplay of residues that are directly involved in the catalysis, as well as 
water molecules and residues that are important for the arrangement of the active site 
control the activity of a FDBR. Assays employing PcyX_C71A revealed that the enzyme 
possesses almost WT activity (Figure 32 B). As a result it can be excluded that Cys71 is 
directly involved in the reduction of the A-ring. 
Conclusions for the PcyX reaction mechanism 
The postulation of a proper reaction mechanism is not possible in regard to the data 
gathered during the course of this project. Yet, some conclusions can be drawn: His69 and 
Asp86 play also a crucial role for the PcyX activity like they do in PcyA. Based on the activity 
test of the different variants, the initial protonation of the substrate seems to be performed 
by either Asp86 or a water molecule. The initial proton transfer creates a positively charged 
BVH+ which accepts the first electron donated from Fdred. PcyA employs Glu76 as the proton 
donor in the next reaction step. In contrast, Asp55 is not crucial for the PcyX activity. Hence, 
at this stage of the reaction, the mechanisms of PcyX and PcyA must differ. The data of the 
activity assays suggest that His69 is not essential for the formation of 15,16-DHBV. As other 
obvious proton donors on the central -sheet are missing, the site specific reduction at C16 
most likely involves a proton transfer from Asp86 like it is expected for PebS (Busch et al., 
2011b). The necessary reprotonation of Asp86 is presumably facilitated by a proton channel 
leading from His69, over His53, Arg51 and Arg50 to the solvent (Figure 30). The same 
arrangement of basic amino acid residues can also be found in PcyA (Figure 29; Hagiwara 
et al., 2006a; Tu et al., 2007). The activity tests employing PcyX_H200Q revealed that 
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PcyX lacks a proton donor on the distal side of the active site, like it was described for PebS 
(Busch et al., 2011b). Therefore, the A-ring reduction most likely involves the same residues 
like the first reduction step. Based on the proposed mechanism for PcyA, the DHBV 
intermediate is possibly protonated by Asp86, leading to the formation of DHBVH+ (Kohler 
et al., 2010). The subsequent electron transfer from Fdred forms a neutral, semi-reduced 
bilin radical. A proton donated either from a water molecule or His69, followed by a second 
electron transfer from Fdred then would lead to the formation of PEB. The overall reaction is 
visualized in Figure 43. 
 
Figure 43. Overview of the reaction mediated by the PcyX reductases. The substrate BV is reduced in a 
first two-electron reduction to 15,16-DHBV. This involves a protonation from Asp86 and eventually a water 
molecule. The second two-electron reduction from 15,16-DHBV at the A-ring yields 3(E/Z)-PEB. This reduction 
step involves most likely protons from His69, Asp86 or a water molecule. The sites of the individual reduction 
steps are highlighted in light-blue. The pyrrole rings of BV are consecutively labeled from A to D; P = propionate 
side chains; 3(E/Z)-phycoerythrobilin = 3(E)- and 3(Z)-phycoerythrobilin. Amino acid residues that are thought 
to be involved in the reduction steps are shown in single letter code. 
Another attribute of the PcyX reductases is the slow reaction rate in the currently used assay 
setup. Especially when the rate of the product formation is compared to other members of 
the FDBR-family that were assayed employing the same reaction conditions, it became 
clear that the reaction is rather slow. In particular the second reduction step from 15,16-
DHBV to PEB seems to be the rate limiting step of the PcyX-mediated reaction, as the 
intermediate is formed relatively fast and is only slowly converted to the final product (Figure 
25). The results of the activity assays performed with different concentrations of ferredoxin 
revealed that the velocity of the reaction is strongly dependent on the concentration of the 
used ferredoxin. Moreover, the gathered data show that the origin of the redox partner has 
an impact on the reaction rate (Figure 23). Based on these results it is very likely that the 
affinity of the reductase and the corresponding ferredoxin is a parameter that has a 
influence on the rate of the reaction. Chemical crosslinking experiments showed that HY2, 
PcyA, PebA, PebB and PebS form 1:1 complexes with Fd. The protein-protein interaction 
between the FDBR and the Fd is mediated by electrostatic interactions via surface-charged 
residues (Chiu et al., 2010). In case of the reductase these residues are located on the 
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surface of the binding pocket (Hagiwara et al., 2006b; Tu et al., 2007; Dammeyer et al., 
2008b; Chiu et al., 2010). A possible explanation for the not ideal interaction of PcyX and 
the ferredoxins might be due to the composition of the contact patch of the reductase. 
Results that support this assumption are the activity tests performed with the variant 
PcyX_H200Q. This variant showed a significantly increased reaction rate compared to 
WT, even though it lacks the potential proton donor His200 on the distal side of the -
helices. Thus, a possible explanation for the increased reaction rate could be the improved 
interaction of FDBR and ferredoxin. A study by Chiu and coworkers highlights the influence 
of the electron donor on the activity of the FDBRs (Chiu et al., 2010). Six Fds from 
A. thaliana were tested for their suitability as electron donor for the corresponding HY2 
reductase. All employed Fds led to highly different enzyme activities. Interestingly, the two 
most suitable ferredoxins share about 90% sequence identity and a similar redox potential. 
Nevertheless, even between these two ferredoxins a difference in the activity of 
approximately ~ 25% was observed. These findings support the theory that the interaction 
of PcyX with the ferredoxin is the limiting factor in the current reaction setup. In this context 
it needs to be stressed that on one of the metagenomics scaffolds carrying a pcyX gene, a 
putative [2Fe-2S] ferredoxin was discovered. This suggests that maybe a special redox 
partner is needed for the PcyX reductases. Unfortunately, several approaches to produce 
this ferredoxin in E. coli only yielded unstable, inactive protein.  
Another phenomenon of the PcyX-mediated reduction is the occurrence of several side 
products during the reaction (see section 3.2.5). Based on the findings of the time-course 
experiment regarding the product formation, it is very likely that the compounds that are 
formed besides 15,16-DHBV and 3(E/Z)-PEB are artifacts of the in vitro assay conditions. 
Their abundance only increases while reasonable amounts of BV are still present in the 
reaction mixture and remains stable during later stages of the reaction. As the assay is 
carried out in a highly reductive environment with large amounts of NADPH present in the 
reaction mixture, the formation of unspecific side or decay products is not unlikely. The 
unknown compound as well as 3(Z)-PB are presumably unspecific decay products of BV 
caused by the slow reaction rate of the PcyX-mediated reaction. Another possible 
explanation for the occurrence of PB in the reaction mixture could be the function as an 
intermediate in the formation of PEB. This would require a reaction mechanism in which the 
A-ring reduction takes place, before the C15-C16 double bond between the C- and the D-
ring is reduced. A result that rejects this hypothesis is the fact that PB is not accepted as 
a substrate by the PcyX reductases (Meike Schwan; Master Thesis; 2017; not published). 
This explains, why the PB concentration remains stable during the later stages of the 
assay. In conclusion, it can be ruled out that PB functions as an intermediate in the 
formation of PEB and is most likely an in vitro artifact caused by suboptimal assay 
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conditions. Nevertheless, the occurrence of these side products shows that the proton and 
electron flow in the FDBRs needs to be tightly controlled to avoid the formation of unwanted 
products. Therefore, the formation of side-products in the FDBRs assays is not totally 
uncommon, as the same was described in assays employing PUBS (Chen et al., 2012). 
4.2 The biological function of PcyX  
The characterization of the new HOs and FDBRs derived from metagenomics data revealed 
that they are active enzymes. As they most likely originate from phages that infect 
alphaproteobacteria (see chapter 1.6) this raises questions regarding their biological 
functions. The screening of metatranscriptomic datasets revealed that pcyX genes are 
actually transcribed in both the Atlantic and the Pacific Ocean (Ledermann et al., 2017b). 
This is a strong hint that the genes actually play an important role during infection.  
AMGs related to photosynthesis are rather common among cyanophages (Puxty et al., 
2015). Despite their potential disadvantage by expanding the size of the phage genome, 
they are thought to improve phages fitness during infection events (Sharon et al., 2009; 
Puxty et al., 2015). For example, the FDBR PebS was discovered in phages that infect 
marine Prochlorococcus species. Moreover, the gene was shown to be expressed during 
the infection of the host (Dammeyer et al., 2008a).  
Studies on the genes that are located in close proximity to the hemO and pcyX sequences 
revealed that they originate from phages that most likely infect alphaproteobacteria rather 
than cyanobacteria (Ledermann et al., 2016). To date there are no known members of the 
alphaproteobacteria that perform oxygenic photosynthesis. The phototrophic members of 
the alphaproteobacteria use anoxygenic photosynthesis to convert light energy into 
chemical energy. They possess only one type of photosystem and employ 
bacteriochlorophylls instead of chlorophylls (Isaacs et al., 1995; Croce and van Amerongen, 
2014). Moreover, they do not enhance their light-harvesting machinery with phycobilisomes 
or phycobiliproteins, respectively (Nowicka and Kruk, 2016). Thus, the occurrence of bilin 
biosynthesis genes in phages that are thought to infect these organisms, is enigmatic.  
Possible functions for these genes in the infection of alphaproteobacteria could be related 
to the phytochrome-based sensing of light. The FDBR PcyA_Brady, which is closely related 
to the PcyX reductases, was discovered in Bradyrhizobium sp. ORS278. This 
photosynthetic alphaproteobacterium possesses a bacteriophytochrome (i.e. BrBphP3) that 
was acquired by lateral gene transfer together with a heme oxygenase and PcyA_Brady 
(Jaubert et al., 2007). BrBphP3 was shown to bind PCB as its chromophore, a unique 
feature among bacteriophytochromes which typically employ BV IX as their light-sensing 
chromophore. Moreover, BrBphP3 possesses unusual photochemical properties. Its dark-
adapted form absorbs at relatively short wavelengths (~ 610 nm) and the light intensity 
required to photoconvert significant amounts of the phytochrome is relatively high (Jaubert 
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et al., 2007). Therefore, it is speculated, whether BrBphP3 functions as a sensor for light-
intensity, rather than for light-quality (Jaubert et al., 2007). The biological function of 
phytochromes in anoxygenic photosynthetic alphaproteobacteria is the regulation of the 
synthesis of the photosystem (Giraud and Vermeglio, 2008). BrBphP1 for example, was 
shown to control the synthesis of the complete photosynthetic apparatus in Bradyrhizobium 
sp. ORS278 (Giraud et al., 2002). 
Hence, one could hypothesize that the function of the newly discovered bilin biosynthesis 
genes is related to the phytochrome-dependent regulation of the abundance of the 
photosynthetic system in the hosts during the infection. The expression of hemO and pcyX 
would allow the synthesis of PEB. One of the intrinsic properties of a phytochrome is the 
photoisomerization at the C15-C16 double bond (Rockwell and Lagarias, 2010). This bond 
between the C- and the D-ring is reduced in PEB. As a result, it was shown to bind to plant-
type phytochromes, resulting in the formation of a phytofluor (Murphy and Lagarias, 1997). 
Phytofluors are fluorescent phytochromes that are not able to photoconvert and are usually 
not observed in nature. Yet, one could speculate that the binding of PEB could lock a 
phytochrome in a specific conformation. This could either result in the total loss of its 
signaling function or could even fix it in an ”always on” state. Another possible function of 
PEB in the host is being a precursor for other bilins. The isomerization of open-chain 
tetrapyrroles upon the attachment to PBPs or phytochromes is not unusual in nature. The 
PBP-lyase RpcG from Synechococcus sp. WH8102 was shown to catalyze both the 
attachment of PEB to a PBP subunit as well as its subsequent isomerization to PUB (Blot 
et al., 2009). Studies performed by Beale and Cornejo moreover revealed that PEB is a 
precursor for PCB in the red alga Cyanidium caldarium (Beale and Cornejo, 1991a). 
Interestingly, the FDBR PUBS, that catalyzes the reduction of BV to PUB, is redundant to 
HY2 in the moss Physcomitrella patens (Chen et al., 2012). The hy2 and pubs single 
mutants showed light-dependent, WT-like phenotypes, whereas the double mutant showed 
a clear growth deficiency especially under red light illumination. Therefore, the authors of 
this study concluded that the hy2 mutant still showed phytochrome-mediated responses 
even though only PUB was available as the chromophore for the phytochromes. This result 
is surprising, as PUB does neither possess an ethyliden group at the A-ring nor a C15-C16 
double bond. A reason for the maintenance of the photochemical activity could be the 
stabilization of phytochrome upon transient binding of PUB. Furthermore, the authors 
speculate whether PUB is further isomerized to yield a reduced A-ring 2,3,31,32-diene 
system and a C15-C16 double bond by either “unknown factors in the moss cell or by the 
apo-phytochrome itself” (Chen et al., 2012). The same could apply for PEB formed by the 
PcyX reductases in the host cell after infection. 
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A possibility that cannot be ruled out completely is that the host phytochrome and PEB 
actually form a bona fide phytochrome, as the photoisomerization of the bilin could also take 
place at another double bond of the tetrapyrrolic system. The advantage of a chromophore 
absorbing at shorter wavelengths (unbound PEB max~ 540 nm) in marine environments 
could be the adaption to deeper habitats. Green light is able to penetrate deeper into the 
water column, whereas red and far-red light is more quickly absorbed (Clarke, 1936). 
Therefore, a phytochrome that employs PEB could provide a functional photosensor in deep 
waters. In this context it should be mentioned that Ulijasz and coworkers described a light-
induced rotation of the PCB A-ring (i.e. a Z/E-isomerization at the C4-C5 double bond) in a 
cyanobacterial phytochrome from Synechococcus OSB′ (Ulijasz et al., 2010). But these 
results were later proven to be wrong (Song et al., 2014).  
Recent studies on Chlamydomonas reinhardtii gave hints that there is a bilin-related light 
sensing beyond the classic phytochromes. C. reinhardtii possesses two genes encoding for 
heme oxygenases (HMOX1 and HMOX2) as well as a gene encoding for a FDBR (i.e. 
PCYA) but no phytochrome. It was shown that a hmox1 mutant fails to grow 
photoautotrophically and only adapts poorly to increased illumination (Wittkopp et al., 2017). 
These effects are related to a reduced accumulation of PSI. The mutant can be rescued by 
exogenous BV IXand is dependent on blue-light. Hence, Wittkopp and coworkers propose 
the existence of a “bilin-based blue-light sensing system” designated as chlorochrome 
(Wittkopp et al., 2017). The chlorochrome is thought to be a phycobiliprotein that employs 
either BV IX or PCB as the light-sensing chromophore. As the distribution and the 
mechanisms underlying this system still need to be elucidated, it cannot be ruled out that 
HemO, PcyX and their products might play a role in chlorochrome-related light-sensing.  
Another role of the bilin biosynthesis genes in the genome of the phages could also be 
related to the iron metabolism during the infection of the host. Many HOs were described to 
play important roles during iron depletion, as the cleavage of heme also releases iron from 
the macrocycle (Poss and Tonegawa, 1997; Richaud and Zabulon, 1997). This could be 
advantageous for phages in aquatic environments, because the concentration of iron in the 
ocean is rather low. It can fall below 1 nmol/kg of seawater in regions far away from 
continental margins and moreover, it has been shown that iron is the limiting factor for the 
growth of phytoplankton in nutrient rich areas of the ocean (Martin et al., 1989; Martin et al., 
1991). Therefore, it is possible that some phages have developed a system to utilize and 
redirect the iron “stored” in the heme of the host during the infection event. In human heme 
oxygenase-1 the rate determining step in absence of biliverdin reductase is the release of 
biliverdin from the active site of the enzyme (Liu and de Montellano, 2000). In presence of 
biliverdin reductase, an enzyme that reduces BV to bilirubin, the release of biliverdin is 
accelerated, making the conversion of Fe2+-verdoheme to the Fe3+-biliverdin the rate-
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determing step of the overall reaction (Liu and de Montellano, 2000). Hence, the physical 
role of PcyX in iron scavenging might also be to foster the HemO-reaction by shifting the 
equilibrium towards the product side (Frankenberg et al., 2001).  
4.3 KflaHY2  - A new type of HY2 enzyme 
Another part of this study was the characterization of the FDBR from KflaHY2 derived from 
the streptophyte alga K. flaccidium. The enzyme was shown in indirect in vivo assays to 
synthesize the reduction of BV to PCB, resembling PcyA-like activity (Rockwell et al., 2017). 
This unexpected turnover is new to the HY2 family. To rule out any influences of the 
heterologous in vivo system on the product formation the protein was purified after 
heterologous production in E. coli and further tested in anaerobic bilin reductase assays. 
These experiments confirmed that KflaHY2 mediates the reduction of BV to PCB. This 
raises the question, what causes the difference in the activity of the reductases in the HY2 
FDBR family. To investigate this phenomenon, an amino acid sequence alignment 
employing several PcyA as well as HY2 sequences was constructed using the T-COFFEE 
webserver (Notredame et al., 2000; http://tcoffee.crg.cat/). The analysis of the sequences 
revealed that the main difference between KflaHY2 and the other members of the HY2 
family is Asp122 (red arrow - Figure 44), a homolog to Asp105 from PcyA (PcyA from 
Synechocystis sp. PCC 6803 numbering) that can be found in KflaHY2. This acidic residue 
is conserved among all FDBRs except in HY2 from land plants. Asp105 is essential for the 
catalytic activity in PcyA, PebA, PebB, PebS and PcyX (Tu et al., 2006; Busch et al., 2011a; 
Busch et al., 2011b; Ledermann et al., 2017b).This acidic residue is typically located on the 
central -sheet of the substrate binding pocket and is thought to be the initial proton donor 
involved in the formation of BVH+ in PcyA (Unno et al., 2015). Therefore, it is very likely that 
in KflaHY2 Asp122 is also involved in the protonation of the substrate and/or intermediates 
that occur during the reaction. Moreover, the sequence analysis showed that KflaHY2 lacks 
a homolog to the PcyA Glu76, which is essential for the formation of 181,182-DHBV in PcyA 
(Tu et al., 2007). Another interesting feature of KflaHY2 is the residue Asn105, the homolog 
to PcyA His88. The substitution of this His residue with an Asn can also be found in PebS, 
PebA and PebB. Land-plant HY2 enzymes possess an Asp residue at this position which 
is thought to be involved in the positioning of the substrate in the active site (Tu et al., 2008). 
Moreover, KflaHY2 possesses with Asp242 still a homolog to Asp256 from A. thaliana HY2 
located on the distal side of the binding pocket. This residue was shown to be involved in 
the reduction at the A-ring of the substrate and is most likely the initial proton donor of the 
reaction (Tu et al., 2008). KflaHY2 Asp242 is also a homolog to PebS Asp206, which is 
essential for the reduction at the A-ring 2,3,33,32-diene system. Hence, it is very likely, that 
it is also involved in the A-ring reduction in the reaction mediated by KflaHY2. Based on 
these findings it is very plausible that the ability of KflaHY2 to form PCB originates from the 
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presence of Asp122. The arrangement of potentially important, acidic residues is 
comparable to PebS which also possesses protonating residues both on the proximal -
sheet and the distal -helices.  
 
Figure 44. Excerpt of an alignment of different ferredoxin-dependent bilin reductases. The alignment was 
constructed using the T-COFFEE webserver (http://tcoffee.crg.cat/) and visualized with the BoxShade server 
(https://www.ch.embnet.org/software/BOX_form.html). The amino acid residues discussed in the text are 
marked with blue arrows and labeled according to the numbering of PcyA from Synechocystis sp. PCC 6803. 
The red arrow highlights Asp122 the main difference between KflaHY2 and the other members of the HY2 
family. The reductases employed for the constructions are: PcyA_Syn_671 = PcyA from Synechocystis sp. PCC 
6714; PcyA_Syn_6803 = PcyA from Synechocystis sp. PCC 6803; PcyA_Thermosyn = Thermosynechococcus 
sp. NK55a; PcyA_Fremyella = PcyA from Fremyella diplosiphon Fd33; PcyA_Nostoc = PcyA from Nostoc sp. 
PCC 7120; KflaHY2 = HY2 from Klebsormidium flaccidum; HY2_Arabidopsis = HY2 from Arabidopsis thaliana; 
HY2_Nicotiana  = HY2 from Nicotiana attenuata; HY2_Zea mays = HY2 from Zea mays.  
The findings of the alignment were validated by a structure model that was constructed 
using the PHYRE2 webserver (Kelley et al., 2015; http://www.sbg.bio.ic.ac.uk/phyre2). To 
gain insights about the possible positioning of BV in the substrate binding pocket, a 
structural overlay with a solved PebS structure from the cyanophage P-SSM2 (PDB 2VCK; 
Dammeyer et al., 2008b) was performed using the molecular visualization software PyMOL. 
 
Figure 45. Close-up view of an overlay of the active sites of a KflaHY2 structural model and PebS from 
the cyanophage P-SSM2. The KflaHY2 model was constructed using the PHYRE2 webserver (Kelley et al., 
2015) with the sequence of His6-KflaHY2 as input. The KflaHY2 model is shown in cartoon representation and 
is colored in light-blue. The structure of PebS (PDB 2VCK) is shown as pink cartoon. The substrate of the PebS 
structure is represented as green sticks. The structures were aligned using PyMOL. Important amino acid 
residues are shown as sticks and are labeled on the left for KflaHY2 and on the right for PebS. 
Even based on this rough model, it is obvious that Asp122 is indeed located on one of the 
central -strands and is positioned in close proximity to the substrate. The residue Asp242 
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is located on a flexible loop between two of the distal helices. Interestingly this is one of the 
loops that could not be modeled in the structures of PebS and PcyX that were crystallized 
without substrate. It is very likely that also in KflaHY2 this region is flexible and able to 
change its conformation upon binding of BV. This could swing the loop towards the -
sheets, enabling an efficient proton transfer from Asp242 onto the substrate. The structural 
model suggests that KflaHY2 employs a mechanism like it can be found in the PebS 
reductases. In PebS, Asp105 was shown to be crucial for the first reduction of BV to 15,16-
DHBV. In the overlay shown in Figure 45, KflaHY2 Asp122 and PebS Asp105 superimpose 
perfectly. Thus, it is very likely that in KflaHY2 Asp122 is also involved in the formation of 
the 181,182-DHBV intermediate. The difference in the regiospecificity of the first reduction 
may be due to a slightly altered conformation of the substrate in the binding pocket of 
KflaHY2. This could tilt the D-ring exovinyl group towards the Asp residue, enabling a proton 
transfer from the carboxyl moiety. Moreover, in PebS the proton donor Asp206 was proven 
to be essential for the second reduction at the A-ring 2,3,31,32-diene system. In the structural 
model the KflaHY2 homolog Asp242 is located at almost the same position. Based on this 
arrangement it can be expected that it serves the same function as in PebS. 
4.3.1 KflaHY2 – An enzyme with two pathways  
In theory, PCB biosynthesis can proceed via two different routes depending on the site 
where the first reduction takes place (Figure 46). The PcyA reductases first reduce the D-
ring exovinyl group yielding the intermediate 181,182-DHBV before the A-ring is reduced to 
create PCB. Another possible way to synthesize PCB, is the reduction of BV at the A-ring 
2,3,31,32-diene system to PB, followed by a second reduction step at the D-ring exovinyl 
group.  
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Figure 46. Overview of the two possible pathways to yield phycocyanobilin from biliverdin. Depending 
on the site of the first reduction step the reaction can follow two different ways: The first possibility is to start with 
the reduction at the A-ring, yielding PB, resembling the reaction mediated by HY2 reductases from land plants. 
A subsequent two-electron reduction at the D-ring exovinyl group yields the product PCB. The second option is 
the pathway like it is employed by PcyA reductases. This involves the initial reduction at the D-ring exovinyl 
group to yield 181,182-DHBV. A second reduction at the A-ring leads to the formation of the product PCB. 
KflaHY2 is a member of the HY2 enzyme family which are known to catalyze the A-ring 
reduction of BV to PB. This raises the question, if the reaction proceeds via PB or via 
181,182-DHBV as the intermediate. Experiments with defined electron equivalents showed 
that under the current in vitro assay conditions, KflaHY2 forms two different intermediates. 
These intermediates were identified as 181,182-DHBV and 3(Z)-PB. Thus, it seems that 
KflaHY2 is able to proceed via the two possible ways to produce PCB. A reason for this 
phenomenon could be the external delivery of the substrate to the reductase in the in vitro 
assay. It is possible that the substrate is bound in two different conformations leading to the 
formation of two different intermediates. An interaction of KflaHY2 with the corresponding 
heme oxygenase KflaHY1 in vivo might result in a channeling of the substrate to the active 
site of the reductase, locking it in a defined conformation. 
Experiments with the isolated intermediates exposed that KflaHY2 is able to accept both 
molecules as externally delivered substrates, which are both successfully converted to 
PCB. Thus, the substrate selectivity of this reductase is rather low. This circumstance is not 
unusual among the FDBRs, as for example PebS accepts “its” intermediate 15,16-DHBV 
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as a substrate, successfully converting it to PEB (Dammeyer et al., 2008a). Another 
example for the promiscuous substrate recognition of some FDBRs is PebA. This enzyme 
is capable to use PB as a substrate, transforming it to PEB (Dammeyer and Frankenberg-
Dinkel, 2006). The same was shown for a member of the PcyA reductases that is also able 
to convert PB to PCB (Frankenberg and Lagarias, 2003). Another substrate that is 
accepted by PcyA is 181,182-DHBV. In contrast, PcyA does not accept 15,16-DHBV as a 
substrate. Moreover, the reductase PebB shows a strict substrate specificity towards 15,16-
DHBV and is to date the only known member of the FDBR family that does not recognize 
BV as its substrate (Dammeyer and Frankenberg-Dinkel, 2006). There are different 
substrate specificities among the FDBR family and based on these findings the vinyl group 
at the A-ring seems not to play an essential role in the recognition process. Furthermore, 
the changed planarity or the loss of flexibility that is accompanied by the reduction of the 
C15-C16 methine bridge seems to have an effect on the accommodation of the substrate. 
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5 Summary  
The screening of metagenomic datasets led to the identification of new phage-derived 
members of the heme oxygenase and the ferredoxin-dependent bilin reductase enzyme 
families.  
The novel bilin biosynthesis genes were shown to form mini-cassettes on metagenomic 
scaffolds and further form distinct clusters in phylogenetic analyses (Ledermann et al., 
2016). In this project, it was demonstrated that the discovered sequences actually encode 
for active enzymes. The biochemical characterization of a member of the heme oxygenases 
(HemO) revealed that it possesses a regiospecificity for the -methine bridge in the 
cleavage of the heme macrocycle. The reaction product biliverdin IX was shown to function 
as the substrate for the novel ferredoxin-dependent bilin reductases (PcyX reductases), 
which catalyze its reduction to PEB via the intermediate 15,16-DHBV. While it was 
demonstrated that PcyX, a phage-derived member of the PcyX reductases, is an active 
enzyme, it also became clear that the rate of the reaction is highly dependent on the 
employed redox partner. It turned out that the ferredoxin from the cyanophage P-SSM2 is 
to date the most suitable redox partner for the reductases of the PcyX group. Furthermore, 
the solution of the PcyX crystal structure revealed that it adopts an //-sandwich fold, 
typical for the FDBR-family. Activity assays and subsequent HPLC analyses with different 
variants of the PcyX protein demonstrated that, despite their similarity, PcyX and PcyA 
reductases must act via different reaction mechanisms. 
Another part of this project focused on the biochemical characterization of the FDBR 
KflaHY2 from the streptophyte alga Klebsormidium flaccidum. Experiments with 
recombinant KflaHY2 showed that it is an active FDBR which produces 3(Z)-PCB as the 
main reaction product, like it can be found in reductases of the PcyA group. Moreover, it 
was shown that under the employed assay conditions the reaction of BV to PCB proceeds 
in two different ways: Both 3(Z)-PB and 181,182-DHBV occur as intermediates. Activity 
assays with the purified intermediates yielded PCB. Hence, both compounds are suitable 
substrates for KflaHY2. 
The results of this work highlight the importance of the biochemical experiments, as catalytic 
activity cannot solely be predicted by sequence analysis. 
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6 Zusammenfassung 
Die Analyse metagnomischer Daten führte zur Entdeckung neuartiger Mitglieder der 
Enzymfamilien der Hämoxygenasen und der Ferredoxin-abhängigen Bilinreduktasen. 
In phylogenetischen Untersuchungen zeigte sich, dass diese Proteine abgegrenzte Cluster 
in phylogenetischen Stammbäumen formen. Im Laufe dieser Arbeit konnte nachgewiesen 
werden, dass die entdeckten Sequenzen für funktionelle Enzyme codieren. Die 
biochemische Charakterisierung eines Mitglieds der neuen Hämoxygenasen (HemO) 
ergab, dass das Enzym die Reaktion von Häm zu Biliverdin IXkatalysiert. Weiterhin 
fungiert Biliverdin IXals Substrat für die neuen Ferredoxin-abhängigen Bilinreduktasen 
(PcyX-Reduktasen). Diese katalysieren die Umsetzung des Biliverdins in das pinke Pigment 
PEB (Phycoerythrobilin) über das Zwischenprodukt 15,16-Dihydrobiliverdin. 
Untersuchungen an einem Mitglied der PcyX-Reduktasen (PcyX) zeigten, dass die 
Reaktionsgeschwindigkeit in großem Maße von dem verwendeten Redoxpartner abhängig 
ist. Es stellte sich heraus, dass das Ferredoxin aus dem Cyanophagen P-SSM2 der 
geeignetste Redoxpartner für PcyX ist. Die Röntgenstrukturanalyse an PcyX ergab, 
dass das Enzym eine //-Faltung einnimmt. Dieses Strukturmerkmal ist charakteristisch 
für alle Ferredoxin-abhängigen Bilinreduktasen. Mit Hilfe von ortsspezifischer Mutagenese 
wurden verschiedene Varianten des PcyX-Proteins erzeugt. Untersuchungen bezüglich 
der Aktivität dieser Mutanten zeigten, dass die Reduktasen der PcyX- und PcyA-Gruppen 
verschiedene Reaktionsmechanismen aufweisen müssen. Dies war unerwartet, da die 
PcyA- und PcyX-Reduktasen eine große Ähnlichkeit innehaben.  
Ein weiterer Aspekt dieser Arbeit war die Charakterisierung der Ferredoxin-abhängigen 
Bilinreduktase KflaHY2 aus der Alge Klebsormidium flaccidum. Experimente mit 
rekombinant produziertem Protein zeigten, dass das Enzym die Reaktion von Biliverdin IX 
zu 3(Z)-Phycocyanobilin katalysiert. Untersuchungen zu den Zwischenprodukten ergaben, 
dass KflaHY2 unter den verwendeten Reaktionsbedingungen die Reaktion von 
Biliverdin IX zu 3(Z)-Phycocyanobilin über zwei verschiedene Wege realisiert. Es konnten 
sowohl 181,182-Dihydrobiliverdin, als auch 3(Z)-Phytochromobilin als Intermediate 
identifiziert werden. Weiterhin wurde mit Hilfe der isolierten Intermediate gezeigt, dass 
beide Verbindungen von KflaHY2 zu 3(Z)-PCB umgesetzt werden. 
Die Ergebnisse dieser Arbeiten unterstreichen die Notwendigkeit der biochemischen 
Charakterisierung von putativen Enzymen aus Metagenomdaten, da Sequenzanalysen für 
eine genaue Vorhersage der Enzymaktivität nicht hinreichend sind. 
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Appendix 
DNA sequences of the synthetic genes used in this study: 
>hemO_optimizer (EBK 42634 from GOS scaffold JCVI_SCAF_1101668336406: 
sequence adapted for the E.coli codon usage using the OPTIMIZER webtool) 
ATGGACAACGAAAAAAAATACAAAATCACCGAACTGACCTGGGAATACCACAAAAAC
GCGGAACGTCAGGACTTCGTTAAAATCCTGCTGTCTGGTGAAATCGACGAACGTCTG
TACGCGACCTACCTGTACAACCAGCTGGCGTGCTACTCTAAACTGGAAGAATACTGC
CTGGAATCTTCTCTGTTCATGGACACCAAAAACCTGCCGCGTGCGCCGCACATCCAC
TACGACTACACCCACCTGTGGACCGACATCGGTTCTCCGCCGGAACTGACCGAATCT
ACCAAAGCGTACGTTGAACACCTGGACACCATCCGTGGTGAAAACGAAAAACTGTAC
GCGCACGTTTACGTTCGTCACCTGGGTGACCTGTCTGGTGGTCAGATGATCATGCGT
AAAACCCCGGGTCCGAACCGTTACTACATCTTCAAACACAAAGAAGTTAAAGAATACA
AACGTATCGTTAAAGAACGTGTTGAATCTTACCTGAACCTGTACGAAGTTAACGTTCT
GCCGGAAGCGATCTTCTGCTTCGAATCTGCGACCAAACTGTTCAAAGAAATGTACGA
CCTGGGTAAAACCTACTAA 
 
>pcyX native sequence (EBK 42635 from GOS scaffold JCVI_SCAF_1101668336406) 
ATGATTTGGGAAAGACTTATTAAGTGGAAAGATGAGACTATTGAAGTCTTAAACAATA
ATCTGGTTGAATACAATGAACCAGGTATGGAAAGATTCAATAATGAAAAGTTAGGTTG
GGTCAATAGAACCTGGAATAACAGATATATTAGAAGAGCTCATCTTGACGTAGTTGAT
GTTAGAGAATCTAAAGGTCTTTGGATGGCTCATCTATGTTTATTTCCTATGTTGACAAA
TGGTGGACCGATTTACGGTTTTGATATTATTGCAGGTGAAAAAAAGGTCACAGGCGC
CTTTCACGATTTTAGTCCTTTATTACAAAAAGACCACCCATTAACAAAATGGTTCATAG
AAGAAAACAAGTGGTTTAAACCGAGTAAAGAGAGAGAGTTACCAGAGTGGGCAAAGG
CTATCTTTTCGGGAGGTATGATAGCCGCTGGTAACGTTAGAGAAGAAGACGAATTAA
ATAAAATCTGTACAATGGCAGTATCTAATTTAAATAATTACATTGACAAGATAAGAAAT
CACGAAGGCGAGGCTGAAATGGCAGACGTAATTAAGGCACAAAATTACTACTCTGAA
CATCAACAAAAGAATCCTCACACGCCTAGAGTTATGCAATCACTTGGTTTGCCTGAAG
AGGATATCAAATTATTCTGCTCGGACAACCTATTTCCATTTGTTTCAGAAAACCAACC
CTACTTGAAATAA 
 
>pcyX_optimizer (pcyX sequence adapted with the OPTIMIZER web tool for the E.coli 
codon usage) 
ATGATCTGGGAACGTCTGATCAAATGGAAAGACGAAACCATCGAAGTTCTGAACAAC
AACCTGGTTGAATACAACGAACCGGGTATGGAACGTTTCAACAACGAAAAACTGGGT
TGGGTTAACCGTACCTGGAACAACCGTTACATCCGTCGTGCGCACCTGGACGTTGTT
  
XXV 
GACGTTCGTGAATCTAAAGGTCTGTGGATGGCGCACCTGTGCCTGTTCCCGATGCTG
ACCAACGGTGGTCCGATCTACGGTTTCGACATCATCGCGGGTGAAAAAAAAGTTACC
GGTGCGTTCCACGACTTCTCTCCGCTGCTGCAGAAAGACCACCCGCTGACCAAATG
GTTCATCGAAGAAAACAAATGGTTCAAACCGTCTAAAGAACGTGAACTGCCGGAATG
GGCGAAAGCGATCTTCTCTGGTGGTATGATCGCGGCGGGTAACGTTCGTGAAGAAG
ACGAACTGAACAAAATCTGCACCATGGCGGTTTCTAACCTGAACAACTACATCGACA
AAATCCGTAACCACGAAGGTGAAGCGGAAATGGCGGACGTTATCAAAGCGCAGAAC
TACTACTCTGAACACCAGCAGAAAAACCCGCACACCCCGCGTGTTATGCAGTCTCTG
GGTCTGCCGGAAGAAGACATCAAACTGTTCTGCTCTGACAACCTGTTCCCGTTCGTT
TCTGAAAACCAGCCGTACCTGAAATAA 
 
>pcyA_Brady (PcyA from Bradyrhizobium sp. ORS278) 
ATGAGTGATGGGGACGACGGCGACGACTTGATCTGCGATCTGCAGCACGCGGCCG
AAGACTTCGCGGCGGATTTGCGCGCCGTGCCGGCGCTGGAGCGCGTACGCGTACC
CGATTTCCACGCTGCCGCGATCGCCGAGGGCACACTGCAGAAGGAGATCACCTGGC
GCAACGACGTCTTCGTCGGCGGCCGCTTCCGCCACGCGCATGTCGAGTCGTTCTCG
ATCGGCGAGCAGATCGGCGTCGTTCATGTCTGCATCTTTCCGCATTTCGACCGCGC
GGCGCCGATTTTCGGCTTCGACATCATCGCCGGCCGCAAGAAGGCGACCGGTGCCT
TTCTCGACCTGTCGCCAACGACTATGGCAGCGAACGCGATCATCGACGGCTGGTCC
GAGGCGAGCGCTGCCCAAAGAGCAAATTTCAGAGAGACGCGCATCCTGCCGGCCTG
GGCGGCGTCGATTTTCTCGCGCAGCGCGCTCGCCATCCGCCCGGCATCCAGGCAC
GAGGTCGCCAGCGTCGTCGCGCTCGGGCGTTCCGCTTTGGCGTACTATCTCGACGC
GCACCTTGCGACGGCGGCCGAGGCCGAGATGCAGGTCGCCCAGCGCAAATACATC
GAGGCTCAGCGCAGCAATGAGCATACGTTCCGGATGCTCGCCGGATGCGTCGGAGT
CGATCTCGCCCGCGATTTCATCGACGGCTGGCTCTTCCCGGCGCCGCCATCGCCTG
GCGAAAGTCGCAGCGACGCTGCCGCCCGCGGCGCGCTCGCGCATGTCGATTGA 
 
>pcyX_actino (pcyX from the uncultured actinobacterium SCGC AAA041-L13 obtained by 
single cell genomics) 
ATGAATAGTGTGTGGGATAGTTTAATTCAGCTAGAAACTTTCTTTGAAACAGCATTTAA
CGCATCCGGTACACTGATTAATGATCCTTCAATGGATCGATTTAATCAGCCCGGATG
GGTTAATTTAGTATGGACAGGACAAAACTACCGAAGAGCCCACATTGATGTCGTCGA
TGCAAGACATTCAAAAGGACTATGGATGATGCACTGCTGTATTTTCCCCCATACTCAT
AATCCTGCTCCAATTTTTGGATTTGATGTCATTGCTGGAAAGAGTAAAATTACTGGTT
GTTTCTACGACTATAGTCCAGCAGGCGACGTTGAACATCCTATGCTAGATTGGTTTTC
CAGTGAAGCCGCTAAGTTGCAATGGAATAAAACACGAAAACTACCAGAATGGGCTGA
ACGTATATTCAGCAGTAGTATGATCGCAGCCAGTAATGTAAGTAAACCAGAAGAAGTT
  
XXVI 
GAGCAAATTCTATCAATTGCAAAAAAAGGAATAGATCAATATCTAGTAGCAGTCGGCG
AAACTAATAAAACAGCTATCAGCACTGCCCATGAGCAAAATTTCTATTGCGAGAATCA
AAAATTAAATCCCCATACACCTAAAGTAATGACCAGTTTGGGATTGAGTGAAGCTGAC
GTGACTGCATTTATTCAAGAATGTTTGTTTCCAGAAATTAAGTAA 
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